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SUMMARY 

OBJECTIVES 

fin o v e r a l l  o b j e c t i v e  o f  t h e  p r o j e c t  was t o  c o n c e p t u a l l y  d e t e r m i n e  i f  s i m p l e  
open pond systems have a p p l i c a t i o n  f o r  t h e  p r o d u c t i o n  o f  f u e l s  f r o m  
m ic roa lgae .  To demons t ra te  t h e  o v e r a l l  o b j e c t i v e ,  work c o n c e n t r a t e d  on 
showing t h e  p o t e n t i a l  n i c r o a l g a l  y i e l d s  t h a t  a r e  p o s s i b l e  f rom an open pond 
system on a  s u s t a i n e d  b a s i s .  Fu r the rmore ,  p rob lems  (pond management, d e s i g n )  
a s s o c i a t e d  w i t h  t h i s  e x p e r i m e n t a l  system were documented and r e p o r t e d  so t h a t  
f u t u r e  endeavors  s h a l l  b e n e f i t .  F i n a l l y ,  o p e r a t i o n a l  c o s t s  were documented 
t o  p e r m i t  p r e l i m i n a r y  economic a n a l y s i s  o f  t h e  system. S p e c i f i c  o b j e c t i v e s  
t h a t  were s e t  f o r  f u l f i l l m e n t  o f  t h i s  c o n t r a c t  were: 

- demons t ra te  t h e  ou tdoo r  monocu l tu re  p o t e n t i a l  o f  a t  l e a s t  f o u r  s p e c i e s  
o f  p r o m i s i n g  o leagenous m i c r o a l g a e .  

- demons t ra te  s u s t a i n e d  y i e l d s  ( 4  mo.) o f  a t  l e a s t  2 s p e c i e s  o f  p r o m i s i n g  
o leagenous m ic roa lgae .  

- i d e n t i f y  s p e c i f i c  management s t r a t e g i e s  t h a t  a r e  a p p l i c a b l e  t o  t h e  open 
pond system, 

- i d e n t i f y  c o s t  c e n t e r s ,  and r e p o r t  o p e r a t i o n a l  expenses a s s o c i a t e d  w i t h  
t h e  p r e s e n t  o p e r a t i o n s ,  

- conduc t  e x p e r i m e n t a l  work aimed a t  r e d u c i n g  t h e  o p e r a t i o n a l  c o s t s  
a s s o c i a t e d  w i t h  t h e  system. 

Under t h i s  c o n t r a c t ,  t h e  s p e c i e s  s e l e c t e d  t o  be grown was deemed v e r y  
i m p o r t a n t .  4 p r i m a r y  o b j e c t i v e  o f  t h i s  work was t o  d e t e r m i n e  t h e  s u i t a b i l i t y  
and p r o d u c t i v i t i e s  o f  m i c r o a l g a e  d e s i g n a t e d  as " p r o m i s i n g "  by o t h e r  
s u b c o n t r a c t o r s  w o r k i n g  on t h i s  p r o j e c t .  Thus s p e c i e s  s e l e c t i o n  f o r  ou tdoo r  
work was de te rm ined  w i t h  i n p u t s  and acco rd  o f  o t h e r  s u b c o n t r a c t o r s  and t h e  
SERI program c o o r d i n a t o r .  Once s p e c i e s  were i d e n t i f i e d  t h a t  grew w e l l  
ou tdoo rs ,  work was i n i t i a t e d  so as t o  e s t a b l i s h  management s t r a t e g i e s  f o r  
m a x i m i z a t i o n  o f  p r o d u c t i v i t i e s ,  S p e c i f i c a l l y ,  t h i s  work compared b a t c h  vs. 
c o n t i n u o u s  c u l t u r e  and m i x i n g  speeds. Cost c e n t e r s  were i d e n t i f i e d  and 
o p e r a t i o n a l  c o s t s  r e c o r d e d  and r e p o r t e d  f o r  subsequent  economic ana lyses  and 
compar isons.  

The s p e c i f i c  t a s k s  s e t  f o r  t h i s  p r o j e c t  were! 

TASK I. I n o c u l a t e  and m a i n t a i n  i n  ou tdoo r  ponds a t  l e a s t  2 s p e c i e s  o f  
m i c r o a l g a e  t h a t  have been i d e n t i f i e d  as " p r o m i s i n g t  by ASP r e s e a r c h e r s  
i n v o l v e d  i n  s c r e e n i n g  and development.  

TASK 11. Compare t h e  p r o d u c t i v i t i e s  f rom two pond management s t r a t e g i e s ;  
b a t c h  and c o n t i n u o u s  c u l t u r e .  



TASK 111 .  A c c l i m a t i o n  o f  i z n c v i e i s  ggldaea f r o m  a s a l i n i t y  o f  seawater  (35 
p p t )  t o  a s l i g h t l y  b r a c k i s h  s a l i n i t y  o f  5 p p t .  

T A S K  I V .  D e t e r m i n e  t he  c a s t - p r o d u c t i v i t y  t r a d e - o + f s  o f  c h e m i c a l s  f c h e l a t o r s ,  
t r a c e  m e t a l s )  p r e s e n t l y  added t o  t h e  medium. 

T A S K  V ,  Growth o f  m i c r o a l g a e  on r e c y c l e d  media. 

TASK V I .  M a i n t a i n  two  s p e c i e s  o f  t h e  p r e v i o u s l y  s e l e c t e d  m i c r o a l g a e  i n  t h e  
o u t d o o r  ponds f o r  a p e r i o d  o f  a t  l e a s t  f o u r  months i n  a p r o d u r t i ~ n  mode t h a t  
w i l l  b e ~ t  d e m o n s t r a t e  t h e  p o t e n t i a l  o+ t h e  system. 

DISCUSSION 

A l l  o f  t h e  t a s k s  o u t l i n e d  f o r  t h i s  p r o j e c t  were addressed d u r i n g  p r o j e c t  
pe r fo rmance ,  O f  t h e  s t r a i n s  o f  m i c r o a l g a e  p r o v i d e d  by o t h e r  ASP 
s u b c o n t r a c t o r s ,  none c o u l d  ou tcompete  i n v a d i n g  w i l d t y p e  a l g a e .  None the less ,  
two  s t r a i n s ,  Ankistr!des!us f a l ~ a t u s  and sgenedegmys S o 2 3  were grown ~ u t d o o r s  
i n  mass c u l t u r e ,  one f o r  two months,  t h e  o t h e r  f a r  one month. R e s u l t s  
o b t a i n e d  u s i n g  t h e s e  s t r a i n s  d i d  p r o v i d e  i n f o r m a t i o n  u s e f u l  t o  t h e  s c r e e n i n g  
p rogram i n  t h e  f u t u r e .  Two w i l d t y p e  organ isms,  Scenmgesmu: qgg$ru~ag$g and 

Chlorella se,  p r o v i d e d  most o f  t h e  o u t d o o r  r e s u l t s .  The S c g n g d g s ~ y g  was 
m a i n t a i n e d  f o r  t h i r t e e n  months,  a v e r a g i n g  abou t  13 gm/n2 /day .  I t  was used 
t o  compare b a t c h  vs. c o n t i n u o u s  c u l t i v a t i o n ,  f o r  m i x i n g  speed e x p e r i m e n t s ,  
+ o r  media r e c y c l i n g ,  f o r  s t o r a g e  p r o d u c t  i n d u c t i o n  t e s t s ,  and f o r  t h e  
d e t e r m i n a t i o n  o f  o p e r a t i o n a l  c o s t s .  The C M g r g l L g  was g rown f o r  two  months 
a t  ove r  20 gm/ r2 /day ,  and was used t o  d e t e r m i n e  t h e  r e l a t i o n s h i p  between 
m i x i n g  v e l o c i t y  and p r o d u c t i v i t y .  

The ma in tenance  o f  a m o n o c u l t u r e  was n o t  d i f f i c u l t  when c l i m a t i c  c o n d i t i o n s  
were r e l a t i v e l y  c o n s t a n t .  Changes o f  s p e c i e s ,  f r om 5ice~giezggg t o  C h i ~ c e / l a ,  
o c c u r r e d  when pond t e m p e r a t u r e s  r o s e  above 3S°C and r e v e r s e d  when t h e  
t e m p e r a t u r e s  dropped.  B o t h  w i l d t y p e s  t o l e r a t e d  a r a n g e  o f  T D S  and m i n e r a l  
c o m p o s i t i o n .  f inkjq i~odgq!uz  t o l e r a t e d  most medium c o m p o s i t i o n  v a r i a t i o n s ,  
e x c e p t  l o w  K', b u t  was s e n s i t i v e  t o  h i g h  i r r r d i a n c e  when i n  d i l u t e  
suspens ion ,  None o f  t h e  o rgan i sms  r e q u i r e d  c h e l a t o r ,  t r a c e  s u p p l e m e n t a t i o n  
(beyond t h a t  a v a i l a b l e  i n  t h e  wa te r  u s e d ) ,  o r  v i t a m i n  s u p p l e m e n t a t i o n .  The 
r e s u l t s  i n d i c a t e  t h a t  a m o n o c u l t u r e  can be m a i n t a i n e d  i f  e i t h e r  t h e  seasona l  
t e m p e r a t u r e  v a r i a t i o n s  a r e  s m a l l  o r  a c a m p e t i t i v e  s t r a i n  i s  used wh i ch  has a 
b r o a d  t e m p e r a t u r e  opt imum. A c o m p e t i t i v e  s t r a i n  is one w h i c h  does n o t  
e x h i b i t  s i g n i f i c a n t  p h o t o i n h i b i t i o n ,  oxygen i n h i b i t i o n  o r  r e s p i r a t o r y  
l o s s e s .  O f  c o u r s e ,  TDS w i l l  e x e r t  an o v e r a l l  s e l e c t i o n  c r i t e r i o n ,  

As men t i oned  above, t h e  p r o d u c t i v i t y  r e s u l t s  ~ b t a i n e d  w i t h  t h e  "summer" 
ghig[glls and t h e  Scgfi~dggmgg d u r i n g  t h e  rema inde r  o f  t h e  y e a r ,  i n d i c a t e  t h a t  
s yea r  r o u n d  ave rage  o f  15-20 gmlm2/day i s  a t t a i n a b l e  i n  t h i s  n o r t h e r n  
C a l i f o r n i a  c l i m a t e  w i t h  t h e  s t r a i n s  used.  A y e g r l y  average o f  o v e r  20-25 
gm/mZ/day c o u l d  p r o b a b l y  be o b t a i n e d  500 m i l e s  s o u t h ,  where ambien t  



t e m p e r a t u r e s  a r e  h i g h e r  d u r i n g  s p r i n g ,  f a l l  and w i n t e r .  Con t i nuous  
c u l t i v a t i o n  i n c r e a s e d  p r o d u c t i o n  r e l a t i v e  t o  s e q u e n t i a l  b a t c h  o p e r a t i o n ,  by 
30% d u r i n g  summer. However, t h e  t y p i c a l  d e n s i t y  o f  t h e  c u l t u r e  a t  h a r v e s t  
t i m e  was much l ower  under c o n t i n u o u s  c u l t i v a t i o n .  I n  a d d i t i o n ,  i n d u c t i o n  o f  
s t o r a g e  p r o d u c t s  r e q u i r e d  one t o  t h r e e  days o f  b a t c h  g rowth  a f t e r  a  
c o n t i n u o u s  o r  b a t c h  a c t i v e  g rowth  s tage.  

N i x i n g  v e l o c i t y  expe r imen ts  r e v e a l e d  f o u r  f a c t o r s  o f  impor tance  i n  
c o n s i d e r i n g  optimum m i x i n g  speed; C02 o u t g a s s i n g  wh ich  i n c r e a s e s  q u i c k l y  
w i t h  m i x i n g  speed, power i n p u t  which i n c r e a s e s  even more q u i c k l y ,  suspens ion  
o f  c e l l s ,  and p r o d u c t i v i t y  response.  I t  was found  t h a t  15-20 cmlsec m i x i n g  
speed was s u f f i c i e n t  t o  keep even t h e  l a r g e s t  (1-2mm) c lumps o f  Sggngdgq4us 
suspended. I t  was a l s o  found t h a t ,  f r o m  1  t o  60 cmlsec,  m i x i n g  speed had no 
e f f e c t  on p r o d u c t i v i t y .  

E x p e r i m e n t a l  r e s u l t s  i n d i c a t e d  t h a t  o rgan isms respond v e r y  d i f f e r e n t l y  t o  pH 
and C02 c o n c e n t r a t i o n ,  as w e l l  as t o  d i s s o l v e d  oxygen. The l a t t e r  may t u r n  
o u t  t o  be an i m p o r t a n t  s c r e e n i n g  c r i t e r i o n ,  as h i g h  DO i s  endemic t o  l a r g e  
systems. The response  t o  pH and C02 de te rm ines  t h e  range  o f  pH ( g i v e n  
water  a l k a l i n i t y )  i n  wh ich  a  system can be ope ra ted .  The pH s h o u l d  be as low 
as p o 6 s i b l e  t o  o b t a i n  t h e  h i g h e s t  d i s s o l v e d  C02 r e q u i r e d  f o r  max im iz ing  
a v w a g e  p r o d u c t i o n .  But  t h i s  must be ba lanced  a g a i n s t  o u t g a s s i n g  l o s s  o f  
C02 wh ich  i n c r e a s e s  w i t h  c o n c e n t r a t i o n .  M i x i n g  speed a f f e c t s  t h e  s u r f a c e  
mass t r a n s f e r  c o e f f i c i e n t .  

The d a t a  o b t a i n e d  f rom one month o f  o p e r a t i o n  o f  a  S g g ~ p d g g q u g  c u l t u r e  w i t h  
e f f l u e n t  r e c y c l e  was used t o  e v a l u a t e  t h e  c o s t  o f  t h e  i n p u t s  t o  t h e  system. 
C e l l  h a r v e s t i n g  was i n e x p e n s i v e l y  ach ieved  due t o  t h e  v e r y  good s e d i m e n t a t i o n  
p r o p e r t i e s  o f  t h i s  s t r a i n  wh ich  grew i n  l a r g e  clumps. The n u t r i e n t ,  C02, 

and ! ower i n p u t s  were mon i to red .  The h a r v e s t e d  b iomass o u t p u t  averaged 15 
gm/m /day. I n i t i a l  i n p u t  c o s t s  were $1.09/kg AFDW and were dominated b y  
C02 c o s t s  175% o f  t h e  t o t a l ) .  R e a l i s t i c  assumpt ions  c o n c e r n i n g  p r i c e s  of 
C02 and n u t r i e n t s ,  bought  i n  b u l k ,  l e d  t o  a  75% r e d u c t i o n  i n  p r o j e c t e d  
c o s t .  Another 50% r e d u c t i o n  would be necessary  and would have t o  come f rom 
t h e  assumpt ion  o f  a  sou rce  o f  C02 a t  below p r e s e n t  market  p r i c e .  I nc reased  
p r o d u c t i v i t y ,  a l t h o u g h  i m p o r t a n t  i n  t e rms  of d i s t r i b u t i n g  a n n u a l i z e d  c a p i t a l  
c o s t s  and l a b o r  c o s t s ,  has l i t t l e  impac t  on t h e  i n p u t s  c o n s i d e r e d  h e r e  s i n c e  
most a r e  n u t r i e n t s  t h a t  a r e  p r o p o r t i o n a l  t o  b iomass o u t p u t .  

CONCLUSIONS 

The major  c o n c l u s i o n s  o f  t h i s  p r o j e c t  can be summarized as f o l l o w s :  

1)  Us ing  two w i l d t y p e  s p e c i e s  i n  n o r t h e r n  C a l i f o r n i a  a  y e a r l y  average 
p r o d u c t i v i t y  o f  15 gm/m2/day, o r  24 t o n s / a c r e / y r  can be o b t a i n e d  i n  
water  w i t h  TDS = 4-8 p p t .  

2 )  T h i s  can p r o b a b l y  be  i n c r e a s e d  t o  20-25 gm/m2/day o r  32-40 
t o n s I a c r e / y r  i n  s o u t h e r n  C a l i f o r n i a .  



3 )  P r o d u c t i v i t y  can  p r o b a b l y  be  f u r t h e r  i n c r e a s e d  b y  u s i n g  c o m p e t i t i v e  
s t r a i n s  sc reened  f o r  

a )  l o w  r e s p i r a t i o n  r a t e s  
b )  t o l e r a n c e s  t o  h i g h  l e v e l s  o f  d i s s o l v e d  oxygen 
c )  b r o a d  t e m p e r a t u r e  o p t i m a  
d )  r e s i s t a n c e  t o  p h o t o i n h i b i t i o n .  

4 )  I n  systems w i t h  randomized,  t u r b u l e n t  m i x i n g ,  p r o d u c t i v i t y  i s  
i ndependen t  o f  channe l  v e l o c i t y  a t  l e a s t  f a r  p r o d u c t i v i t i e s  up t o  
25-30 gm/m2/day and v e l o c i  t i e 5  f r o m  1-30 cm/sec.  

9 )  S t o r a g e  p r o d u c t  i n d u c t i o n  r e q u i r e s  one t o  t h r e e  days  o f  g r o w t h  i n  
b a t c h  mode under  N - d e p l e t e d  c o n d i t i o n s .  

61 C r i t i c a l  c o s t  c e n t e r s  i n c l u d e  C02 i n p u t ,  h a r v e s t i n g  and sys tem 
c a p i t a l  c o s t .  I n c r e a s e d  m i x i n g  speed i n c r e a s e s  C02 losses ,  power  
i n p u t ,  and system c o s t s  and must be a d e q u a t e l y  o f f s e t  by  v e r y  l a r g e  
i n c r e a s e s  i n  p r o d u c t i v i t y .  

7 )  Media r e c y c l i n g ,  necessa ry  f o r  wa te r  c o n s e r v a t i o n ,  has no  adve rse  
e f f e c t s ,  a t  l e a s t  i n  t h e  s h o r t  t e r m  f o r  s t r a i n s  wh ich  do n o t  e x c r e t e  
o r g a n i c s ,  and when t h e  h a r v e s t i n g  method i s  a t  l e a s t  m o d e r a t e l y  
e f f e c t i v e  f o r  a l l  a l g a l  f o r m s  which may b e  p r e s e n t .  
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SECTION 1 " Q  

INTRODUCTION 

1 . 1  BACKGROUND 

T h i s  r e p o r t  i s  a  c o n t i n u a t i o n  o f  a p r o j e c t  p e r f o r m e d  b y  EnS io ,  I n c .  under  
s u b c o n t r a c t  XK-3-03000-1. I t  was p e r f o r m e d  p a r a l l e l  t o  USP s p e c i e s  
s c r e e n i n g  e f f o r t s  and an o u t d o o r  p r o j e c t  p e r f o r m e d  i n  H a w a i i .  The g o a l  o f  
t h e  combined e f f o r t e  i s  t o  advance t h e  t e c h n o l o g y  f o r  p r o d u c i n g  l i p i d  
c o n t a i n i n g  m i c r o a l g a e  w i t h  t h e  h i g h e s t  y i e l d s  a t  t h e  l o w e s t  c o s t ,  T h i s  
s p e c i f i c  e f f o r t  was gea red  t o  i d e n t i f y i n g  c r i t i c a l  c o s t  c e n t e r s  and 
e l u c i d a t i n g  methods f o r  l o w e r i n g  t h e i r  c a s t s ,  

The p r o j e c t  u t i l i z e d  b o t h  n a t u r a l l y  i n v a d i n g  a l g a e  and o rgan i sms  p r a v i d e d  
f r o m  t h e  s p e c i e s  s c r e e n i n g  e f f o r t s  o f  o t h e r  ASP s u b c o n t r a c a t a r s .  The 
media used i n  t h i s  e f f o r t  spanned t h e  r a n g e  f r o m  f r e s h  t o  b r a c k i s h  w a t e r s  
- 0.4 t o  8.5 p p t  t o t a l  d i s s o l v e d  s o l i d s .  The pond sys tem used, b u i l t  
unde r  t h e  p r e v i o u s  s u b c o n t r a c t ,  c o n s i s t e d  o f  p l a s t i c - 1  i n e d  100 n2 a l g a l  
g r o w t h  ponds,  o p e r a t e d  a t  20 cm d e p t h ,  and m ixed  by  padd lewhee l  t o  p r o v i d e  
s l o w  t o  mode ra te  c h a n n e l  v e l o c i t i e s .  C o n t i n u o u s  and s e m i - c a n t i n u a u 5  
o p e r a t i o n a l  modee were t e s t e d ,  and b a t c h  n i t r o g e n  d e p r i v a t i o n  s t u d i e d .  

1 , 2  PROJECT GOALS AND TASKS 

One oC t h e  m a j o r  t a s k s  s e t  f o r t h  f o r  t h e  p r o j e c t  was t h e  d e t e r m i n a t i o n  o f  
y i s l d r  (gm/m2/day)  ave raged  ove r  an ex tended  p e r i o d  o f  t i m e .  I t  was 
hoped t h a t  s p e c i f i c a l l y  sc reened  s t r a i n s ,  p r o v i d e d  b y  o t h e r  ASP 
s u b c o n t r a c t o r s ,  wou ld  b e  used  i n  g e n e r a t i n g  t h e  d a t a .  As i t  t u r n e d  ou t ,  
t h e s e  s t r a i n s  d i d  n o t  compete w e l l  w i t h  i n d i g e n o u s  a l g a e ,  and o n l y  one, 
f i n k i p t r ~ d g s g u s  f a i g g t g g ,  was s u c c e s s f u l l y  c u l t i v a t ~ d  a t  t h e  l a r g e  s c a l e  
f o r  more t h a n  one month. f t  was grown f a r  two  months on two  d i f f e r e n t  
o c c a s i o n s ,  each t i m e  i t  was e v e n t u a l l y  outcompe.ted b y  i n d i g e n o u s  a l g a e ,  
Two s p e c i e s  o f  t h e  l a t t e r  were c u l t i v a t e d  f o r  two  months o r  more. I4 

S ~ p n ~ d e b ~ u ~  g ~ l d ~ i ~ l ~ d l  l p  was grown f o r  t h i r t e e n  months and a C b i p ~ e l l a  
ae f o r  t w o  months. ?lost o f  t h e  o u t d o o r  p r o d u c t i v i t y  d a t a ,  and d i r e c t e d  
e x p e r i m e n t a l  r e s u l t s  were o b t a i n e d  w i t h  t h e s e  o rgan isms,  Much i n d o o r  d a t a  
however ,  was o b t a i n e d  u s i n g  t h e  sc reened  s p e c i e s .  

Ano the r  m a j o r  g o a l  o f  t h e  p r o j e c t  was t o  t r y  t o  l e a r n  what f a c t o r s  l i m i t e d  
t h e  p r a d u c t i v i t i e s  as measured and i n  a d d i t i o n ,  what f a c t o r s  were d e c i s i v e  
i n  d e t e r m i n i n g  s p e c i e s  dominance. F a c t o r s  i n v e s t i g a t e d  i n  r e l a t i o n  t o  



y i e l d  l i m i t a t i o n  i n c l u d e d  pH, C02 l e v e l s ,  d i s s o l v e d  oxygen l e v e l s ,  
m i x i n g  i n t e n s i t y ,  t e m p e r a t u r e  and l i g h t  i n p u t .  Spec ies  c o m p e t i t i o n  was 
s t u d i e d  i n  r e l a t i o n  t o  t o l e r a n c e  t o  h i g h  and l ow  tempera tu re ,  h i g h  l i g h t ,  
h i g h  DO, and m i n e r a l  c o m p o s i t i o n  o f  t h e  v a r i o u s  g rowth  media. 

Bes ides  t h e  o b v i o u s  impac t  o f  i n c r e a s e d  p r o d u c t i v i t y  on c o s t ,  t h e  
o p e r a t i o n a l  v a r i a b l e s  were examined f o r  t h e i r  impac t  on t h e  c o s t  o f  
b iomass p r o d u c t i o n .  Thus m i x i n g  i n t e n s i t y  was s t u d i e d  i n  t e rms  o f  y i e l d  
enhancement, power u t i l i z a t i o n ,  and C02 ou tgass ing .  Media r e c y c l i n g  was 
examined s i n c e  i t  i s  e s s e n t i a l  f o r  water  c o n s e r v a t i o n .  The p h y s i o l o g y  o f  
C02 u t i l i z a t i o n ,  and i t s  r e l a t i o n  t o  pH and a l k a l i n i t y ,  were s t u d i e d .  
Sed imen ta t i on ,  una ided  by chemica l  f l o c c u l a n t  a d d i t i o n  was i n v e s t i g a t e d  as 
a  means o f  h a r v e s t i n g  biomass. A l t hough  no c o n c r e t e  r u l e s  can be 
f o r m u l a t e d ,  as s t r a i n s  v a r y  i n  t h e i r  r e q u i r e m e n t s  and c h a r a c t e r i s t i c s  
(e,g.  s e d i m e n t a t i o n  r a t e s ,  pH o p t i m a )  s p e c i f i c  c o e t s  can be a t t a c h e d  t o  
any p rocedure  o r  o p e r a t i o n  aimed a t  i n c r e a s i n g  y i e l d  and hence i t s  
c o s t - e f f e c t i v e n e s s  can be e v a l u a t e d .  The r e s u l t s  o f  t h e  ana lyses  i n  t h i s  
r e p o r t  were f o r m u l a t e d  t o  s e r v e  t h i s  k i n d  o f  f u n c t i o n .  

1.3 ORGANIZATION OF THE REPORT 

The f o l l o w i n g  r e p o r t  is broken  down i n t o  e l e v e n  s e c t i o n s  i n c l u d i n g  t h i s  
i n t r o d u c t i o n .  I n  S e c t i o n  2.0, m a t e r i a l s  and methods g e n e r a l  t o  t h e  r e p o r t  
ae a  whole a r e  o u t l i n e d .  However, some s e c t i o n s  c o n t a i n  d e s c r i p t i o n s  o f  
t h o s e  p r o c e d u r e s  wh ich  were s p e c i f i c  t o  d a t a  c o l l e c t i o n  r e p o r t e d  t h e r e i n .  
S e c t i o n  3.0 p r e s e n t s  t h e  o b s e r v a t i o n a l  d a t a  o b t a i n e d  f rom ex tended 
c u l t i v a t i o n  of s e v e r a l  s t r a i n s .  Thus, i n  a d d i t i o n  t o  p r o d u c t i v i t y  d a t a  
and c o r r e l a t i o n s  w i t h  c l i m a t i c  i n p u t s ,  t h e  c h a r a c t e r i s t i c s  o f  t h e  
organ isms and t h e  prob lems i n v o l v e d  i n  m a i n t a i n i n g  p r o l o n g e d  c u l t i v a t i o n  
a r e  d e s c r i b e d .  I n  S e c t i o n  4.0 r e s u l t s  a r e  d i scussed  f rom expe r imen ts  t h a t  
were aimed a t  t a k i n g  a  c l o s e r  l o o k  a t  t h e  p h y s i o l o g y  o f  y i e l d  dependence 
on f a c t o r s  l i k e  tempera tu re ,  oxygen, l i g h t  i n p u t  and r e s p i r a t i o n .  I n  
S e c t i o n  5 . 0  t h i s  d i s c u s s i o n  i s  ex tended t o  i n c l u d e  m i n e r a l  c o m p o s i t i o n  and 
s a l i n i t y .  R e c y c l i n g  o f  c l a r i f i e d  c u l t u r e  e f f l u e n t s  (wa te r  r e c y c l i n g )  was 
a l s o  s t u d i e d ,  R e s u l t s  f rom two s ix-week expe r imen ts  a r e  p resen ted .  I n  
S e c t i o n s  6.0 and 7.0 two o f  t h e  most c r i t i c a l  c o s t  c e n t e r s ,  m i x i n g  and 
c a r b o n a t i o n  a r e  d i s c u s s e d  i n  t e rms  o f  e x p e r i m e n t a l  r e s u l t s .  Two i m p o r t a n t  
o p e r a t i o n s ,  s t o r a g e  p r o d u c t  i n d u c t i o n  and h a r v e s t i n g  a r e  t r e a t e d  
r e s p e c t i v e l y  i n  S e c t i o n s  8.0 and 9.0. F i n a l l y ,  a l l  o f  t h e  r e s u l t s  a r e  
b r o u g h t  t o g e t h e r  i n  S e l c t i o n  10.0 i n  an a n a l y s i s  o f  t h e  o p e r a t i o n a l  c o s t s  
o f  a l g a l  b iomass p r o d u c t i o n .  Here t h e  a c t u a l  c o s t s  i n c u r r e d  d u r i n g  t h i s  
p r o j e c t  a r e  summarized and f r o m  these ,  c o s t s  o f  p r o d u c t i o n  a t  t h e  p r e s e n t  
s t a t e - o f - t h e - a r t  a r e  p r o j e c t e d  f o r  a  l a r g e  s c a l e  system. The major  
c o n c l u s i o n s  f rom t h e  p r o j e c t  a r e  summarized i n  S e c t i o n  11.0. 



SECTICSN 2.0 

M E T H O D S  

2.1 L A B O R A T O R Y  M E T H O D S  

f i ~ y - @ g i g h i z .  V o l a t i l e  s u s p e n d e d  s o l i d 5  w e r e  c o n c e n t r a t e d  e i t h e r  b y  
f i l t r a t i o n  ( w a s h e d  w i t h  4 x H 2 0 )  or b y  c e n t r i f u g i n g  10-35 ml at 17,000 
rpm on a SS34 r o t o r  in a S o r v a l l  RCSB c e n t r i f u g e  tapp. 20,000 x g )  a n d  
d i s c a r d i n g  t h e  supernatant. T h e  f i l t e r  ar pellet w a s  t r a n s f e r r e d  t o  a 
p r e w e i g h e d  w e i g h i n g  d i s h ,  h e a t e d  at lOf0C o v e r n i g h t ,  w e i g h e d ,  a s h e d  at 
55ooC for f i f t e e n  m i n u t e s ,  and r e w e i g h e d  to o b t a i n  t h e  v ~ l a t i l e  solids 
by d i f f e r e n c e .  The d a t a  was c a l c u l a t e d  a e  m g / t  of ealida, For as h  
c o n t e n t  t h e  s a m p l e  w a s  e i t h e r  f i l t e r e d  t h r o u g h  a W h a t m a n  GF/A p a p e r  a n d  
r i n s e d  with 3-4 v o l u m e s  o f  d i s t i l l e d  w a t e r  or t h e  c e n t r i f u g e d  p e l l e t  w a s  
w a s h e d  with 10 ml d i s t i l l e d  water. 

I g t f i l - ~ ~ s g ~ l ~ g ~ , ~ g ~ ~ ~ ~ - j I ~ s ~ .  Total d i s s o l v e d  s a l i d s  w e r e  d e t e r m i n e d  b y  
p l a c i n g  10-15 mls of c l a r i f i e d  c u l t u r e  ( c e n t r i f u g e  s u p e r n a t e n t )  i n  a 
pre-ashed, pre-weighed a l u m i n u m  w e i g h i n g  dish, d r y i n g  o v e r n i g h t  at 
103OC, w e i g h i n g ,  a s h i n g  at 550°C f o r  f i f t e e n  m i n u t e s ,  and reweighing. 
T h e  i n o r g a n i c  t o t a l  d i s s o l v e d  s o l i d s  w e r e  c a l c u l a t e d  as t h e  d i f f e r e n c e  
b e t w e e n  the final and initial weights, 

! g ~ ~ f i ~ ~ ~ - ~ l l .  50 ml o f  s a m p l e  ( c l a r i f i e d  c u l t u r e  or w a t e r )  w a s  p l a c e d  i n  
a 100-150 nl b e a k e r ,  0 . 5  ml EDTh-NH3 b u f f e r  w a l  a d d e d ,  t h e n  one s c o o p  of 
i n d i c a t o r  p o w d e r  ( 0 , 5  q E r i o c h r o m e  B l a c k  T mixed with 100 g AR g r a d e  NnC1) 
w a s  a d d e d  a n d  t h e  s o l u t i o n  stirred. T h e  m i x t u r e  was t i t r a t e d  w i t h  EDTA 
ti t r a n t  (3.72 g Na2EDTA in 1 L d i s t i l l e d  water s t a n d a r d i z e d  a g a i n s t  r 
l t r n d a r d  CaC03 s o l u t i o n )  until t h e  s o l u t i o n  t u r n e d  f r o m  o b v i o u s  pink t o  
o b v i o u s  blue, but n o t  purple. H a r d n e s s  w a s  e x p r e s s e d  as mg c a 2 + / ~  or ng 
CaCO3/L. 

f l i k a l i ~ j t y .  A l k a l i n i t y  w a s  d e t e r m i n e d  b y  t i t r a t i n g  s a m p l e s  w i t h  
s t a n d a r d i z e d  H C I  or H2S04 d o w n  t o  pH 4.20. The a l k a l i n i t y  was 
expressed a s  m m u l e s  OH' c o n s u m e d  per l i t e r  sample. 

G e n e r a l l y  a 100 ml s a m p l e  v o l u m e  w a s  t i t r a t e d  with 0-20 ml O.lN HC1. T h e  
s o l u t i o n  was g e n t l y  s t i r r e d  with a m a g n e t i c  s t i r  b a r ,  and t h e  a d d i t i o n  of 
acid w a s  m o d e r a t e l y  r a p i d  b e l o w  pH 7 to m i n i m i z e  t h e  e f f e c t  o f  C02 
escape. 

& ~ p ~ ~ - ~ g ~ i ~ ~ ~ - ~ 2 ~ .  Algal s u s p e n s i o n s  were c o n c e n t r a t e d  b y  
c e n t r i f u g a t i o n .  T h e  p e l l e t  w a s  used f o r  b o t h  a s h - + r e e  d r y  weight 
d e t e r m i n a t i o n  a n d  l i p i d  d e t e r m i n a t i o n  by the mo d i f i e d  B l i g h  and Q y e r  
method. 



~ o t 2 C - C S r b ~ h ~ d r e t e - c g C t e C i ~ L 3 ~ .  1.0 n l  o f  5% pheno l  s o l u t i o n  was added t o  
1.0 m1 sample c o n t a i n i n g  0.015 t o  0.130 mg c a r b o h y d r a t e  i n  an 18 x 150 m m  
tube.  A f t e r  m i x i n g ,  5.0 m l  o f  0.5% h y d r a z i n e  s u l f a t e  i n  c o n c e n t r a t e d  
H2S04 was added, covered,  and mixed w e l l  w i t h  a  v o r t e x  m ixe r .  A f t e r  
c o o l i n g  t o  room tempera tu re ,  absorbence a t  490 nm was de te rm ined  and t o t a l  
c a r b o h y d r a t e  c o n c e n t r a t i o n  was c a l c u l a t e d  f r o m  a  g l u c o s e  s t a n d a r d  cu rve .  

!Eea-L4:. C l a r i f i e d  c u l t u r e  l i q u i d  was d i l u t e d  a p p r o p r i a t e l y  and t h e n  
t r e a t e d  w i t h  a  b u f f e r e d  u rease  r e a g e n t  t o  l i b e r a t e  ammonia. The ammonia 
was d e t e c t e d  as below. 

fi!~!Cj+. Ammonia was de te rm ined  f rom c l a r i f i e d  c u l t u r e  l i q u i d  u s i n g  t h e  
p h e n o l - h y p o c h l o r i t e  r e a c t i o n  t o  f o r m  b l u e  i ndepheno l  a t  h i g h  pH, a c c o r d i n g  
t o  t h e  method o f  So la rzano  151. 

1  L i t e r  Roux F l a s k  C u l t u r e s .  A low l i g h t ,  c o n t i n u o u s l y  i l l u m i n a t e d  ........................... 
e x p e r i m e n t a l  appa ra tus  was used f o r  i n i t i a l  s t u d i e s  and b ioassays .  One 
l i t e r  Roux f l a s k s  ( 5  cm t h i c k )  were f i l l e d  w i t h  750 m l  c u l t u r e ,  sparged a t  
20-100 V /V /h r  w i t h  a  9 8 : 2  a i r / C 0 2 ,  i n c u b a t e d  a t  20: ~ O C  a t  pH = 7.5: 
0 . 3 .  The b o t t l e s  were p l a c e d  i n  a l i g h t  bank o f  c o o l - w h i t e  f l u o r e s c e n t  
lamps a t  l i g h t  i n t e n s i t i e s  between 25-40 w m m 2  pe r  s i d e  ( see  d a t a  t a b l e s  
f o r  s p e c i f i c  c o n d i t i o n s ) .  P r o d u c t i v i t i e s  f rom t h e s e  expe r imen ts  were 
de te rm ined  f r o m  a s h - f r e e  d r y  w e i g h t s  and expressed as gm/L/day o r  
g r /m2/day,  o r  p e r c e n t  v i s i b l e  l i g h t  u t i l i z a t i o n  e f f i c i e n c y .  

~ : ~ - g q L - f i - i p ~ o g ~ - l g g k - c y 1 t g [ e g .  A h i g h  l i g h t ,  d i u r n a l l y  i l l u m i n a t e d  
e x p e r i m e n t a l  a p p a r a t u s  was used t o  produce i nnocu lum f o r  o u t d o o r  work, f o r  
compara t i ve  p r o d u c t i v i t y  da ta ,  and f o r  media o p t i m i z a t i o n  and r e c y c l i n g  
exper iments .  G e n e r a l l y  1.4 m 2  t a n k s  were o p e r a t e d  as s e q u e n t i a l  ba tches  
a t  10 cm dep th  (140 L )  and mixed b y  padd lewhee ls  ('1.5 f p s ) .  L i g h t  
i n t e n s i t y  v a r i e d  depending on t h e  expe r imen t  f rom 50-275 ~rn'? (see d a t a  
t a b l e s  f o r  s p e c i f i c  d a t a )  and was p r o v i d e d  by two HSlOOQ meta l  h a l i d e  
lamps pe r  t ank .  Temperatures were g e n e r a l l y  25-3Q°C. pH was a d j u s t e d  
by i n t e r m i t t e n t  a d d i t i o n  o f  l00X C02 c o n t r o l l e d  by pH r e g u l a t o r s .  Grab 
samples were removed d a i l y  a t  1000 hours .  

S e q u e n t i a l  b a t c h e s  were o p e r a t e d  b y  remov ing a  pe rcen tage  o f  t h e  pond 
volume on a  g i v e n  schedu le  and r e p l a c i n g  w i t h  an equa l  amount o f  f r e s h  
medium p l u s  a d d i t i o n a l  amounts o f  consumed n u t r i e n t s  i n  p r o p o r t i o n  t o  t h e  
b iomass removed. When media r e c y c l i n g  was p r a c t i c e d ,  a  g i v e n  volume o f  
t h e  pond was c e n t r i f u g e d  t h r o u g h  a  S h a r p l e s  T1 c o n t i n u o u s  s e p a r a t o r ,  t h e  
e f f l u e n t  r e t u r n e d  t o  t h e  pond and consumed n u t r i e n t s  r e p l a c e d .  

The c u l t i v a t i o n  media used v a r i e d  w i t h  t h e  organ ism b e i n g  grown. Tab le  
2-1 l i s t s  t h e  media compos i t i ons .  



Tab le  2-1. Media F o r  Indoor Cultivation 

Chlorella 
Scenedesmws Ankistrodesmus f sochyses 

S P  9 Qocystis 
8t1 RI M m n  .......................................................................... 

NaHC03 5,0-10.0 20.0 3.0-10.0 

K2H-KH2PD4 B u f f e r  2 . 0  1 . 0  0,2 

Trace S o l n  

U r e a  5- 12 6-12 - 

Biotin - 0 or 0.5 u g / L  0.5 u g / L  

T h i  ami ne - 0 or 0.1 m g / t  0.1 mg/L 

T r a c e  Solnr 

Element P P m  Element PPm 
..------ --- ------- --- 
Hn 0 , s  V 0.01 
Ma 0.1 Co 0.01 
Z n 0.05 Ni 0.01 
Cu 0.02 Cr 0,Ol 
0 0.5 

5 



2.2 OUTDOOR POND OPERATIONS 

Outdoor ponds were o p e r a t e d  as s e q u e n t i a l  ba tches ,  c o n t i n u o u s  c u l t u r e s ,  and 
b a t c h  i n d u c t i o n  c u l t u r e s .  A schemat ic  o f  t h e  system i s  shown i n  F i g u r e  2-1, 
and some pho tog raphs  i n  F i g u r e  2-2. 

!il~!ig!'!,g!d,!gdii A1 1  b a t c h  ponds were o p e r a t e d  f ram i n i t i a l  i n o c u l a t i o n  o r  
by empty ing  75-902 o f  an o p e r a t i n g  pond c u l t u r e  and r e f i l l i n g  w i t h  f r e s h  
medium. D e n s i t y  i n c r e a s e d  f o u r  t o  t w e l v e  f o l d  p r i o r  t o  r e s t a r t  o f  t h e  b a t c h  
c u l t u r e s .  The b a s i c  medium components used were t h e  same f o r  a l l  c u l t u r e s  and 
a r e  shown i n  Tab le  2-2. Trace m e t a l s  were a v a i l a b l e  i n  s u f f i c i e n t  amounts i n  
t h e  i r r i g a t i o n  water  used. A d d i t i o n  o f  c h e l a t e d  t r a c e  had no  e f f e c t .  

Cont inuous ponds were d i l u t e d  a u t o m a t i c a l l y  over  a  12-hour p e r i o d  f r o m  7AM t o  
7PM. I n f l o w  was metered t h r o u g h  a  c a l i b r a t e d  water  meter .  O u t f l o w  was v i a  an 
o v e r f l o w  p i p e  and f l o w e d  by g r a v i t y  t o  t h e  h a r v e s t i n g  ponds wh ich  were empt ied  
a u t o m a t i c a l l y  on a  d a i l y  b a s i s ,  N u t r i e n t s  were f e d  t o  t h e  ponds a u t o m a t i c a l l y  
f rom a  n u t r i e n t  m i x  t a n k  (Urea,  NaHC03, FeS04, EDTA) over  a  t e n  hour  p e r i o d  
o r  added manua l l y  each morn ing  (P and Mg). Urea was added t o  r e a c h  a  f i n a l  
c o n c e n t r a t i o n  o f  20-30 ppm u r e a - n i t r o g e n .  

B d d i ~ f g g - g f - c g r C g n , ~ ~ g x _ ~ ~ g .  C02 was added f r o m  65 l b .  t a n k s  and, a f t e r  5 /84  
f rom a  6 t o n  t a n k  v i a  d i f f u s e r s .  G e n e r a l l y  pH was k e p t  between 7.0 and 9.5, 
o c c a s i o n a l l y  i t  went as h i g h  as 10.0. Sodium b i c a r b o n a t e  was added t o  i n c r e a s e  
t h e  C02 s t o r a g e  c a p a c i t y .  A l k a l i n i t y  was measured t o  be between 5.0 and 20 
meq/L. A t  10 meq/L, a p p r o x i m a t e l y  00 mg/L o f  a l g a l  biomass can be grown d u r i n g  
a  pH r i s e  o f  8.5 t o  9.5, e x c l u d i n g  C02 l o s s  due t o  ou tgass ing .  C02 
a d d i t i o n s  were made a u t o m a t i c ,  s l o w l y  d i f f u s i n g  i n  C02 over  an e i g h t - t e n  hour 
p e r i o d .  

!ggelieg,gnd,Meggyrggen_t,s Batch  ponds were sampled manua l l y  ( g r a b  samples)  
each morn ing  f rom f o u r  p r e s c r i b e d  samp l i ng  p o i n t s  and composi ted.  Samples were 
t a k e n  t o  t h e  l a b o r a t o r y  f o r  s o l i d s ,  pH, and l i p i d  a n a l y s i s  ( i f  r e q u i r e d ) .  
E f f l u e n t s  f r o m  c o n t i n u o u s  ponds were sampled e v e r y  f o r t y  m inu tes  f rom 9AM t o  
7PM u s i n g  an ISCO compos i to r .  Each n i g h t  t h e  compos i to r  samples were c o l l e c t e d  
and s t o r e d  i n  a r e f r i g e r a t o r  u n t i l  t h e  n e x t  day. The compos i to r  was n o t  
r e f r i g e r a t e d .  Measurements of f r e s h  samples y s  u n r e f r i g e r a t e d  samples 
i n d i c a t e d  t h a t  on t h e  warmest days as much as 15% o f  t h e  b iomass may have been 
r e s p i r e d  away d u r i n g  compos i t i ng .  P r o d u c t i v i t y  v a l u e s  were n o t  c o r r e c t e d  f o r  
t h i s ,  b u t  r e c i r c u l a t i o n  o f  c o o l i n g  water  t h r o u g h  t h e  ISCO sampler  was 
implemented s t a r t i n g  6 /14 /03.  

Temperatures were r e c o r d e d  d a i l y  f r o m  maxfmin thermometers  p l a c e d  i n  each 
pond. Throughout ,  max/min ambient  t empera tu res  were reco rded .  pH was r e c o r d e d  
manua l l y  t w i c e  a  day. 

A L i C o r  S o l a r  M o n i t o r  a u t o m a t i c a l l y  measured, r e c o r d e d  and s t o r e d  d a i l y  s o l a r  
i n p u t  t o t a l s  as wat t -hour /m2/day wh ich  was c o n v e r t e d  t o  L a n g l e y s  pe r  day. 







Dep ths  were measured d a i l y  and e v a p o r a t i v e  wa te r  l o s s  r e c o r d e d .  P r o d u c t i v i t y  
f o r  b a t c h  ponds was c a l c u l a t e d  u s i n g  d a i l y  ash f r e e  we ight  d i f f e r e n c e s  
( c o r r e c t e d  f o r  e v a p o r a t i v e  c o n c e n t r a t i o n )  and exp ressed  as  gms ash f r e e  d r y  w t  
p e r  m 2  p e r  d r y .  Fo r  c o n t i n u o u s l y  o p e r a t e d  ponds,  t h e  w e i g h t  o f  t h e  
compos i t ed  sample (gm/L)  was m u l t i p l i e d  by  t h e  c o r r e c t e d  o u t f l o w  p e r  day 
I L I d a y )  and t h e  p r o d u c t  d i v i d e d  b y  t h e  pond a r e a  ( a 2 ) #  

T a b l e  2-2. Media f o r  Outdoar C u l t i v a t i o n  

N u t r i e n t  Added mM mM 
-------------1-a---------------------------------------------------- 

NaHC03 3 .5  3.5-20 

Urea  Oa35-0 .70  0 .35 -0"  70 

Water C o n t a i n s !  1.0-1 .5  mH R l k a l i n i t y  
0.1-0.2 mH K 
0.5-1.0 mH Ca 
1.0-1.5 m M  Mg 
0.2-0.5 ppm F e  
0.5-2.0 mM N a  

0.5  m f l  C 1  
0.2 mH SO4 

Trace :  
I3 
Zn 
Mn 
Cu 
Cr 
F 
Pb 
Hg 
Se 



2.3 SEDIMENTATION ANALYSIS 

Sedimentation rates were measured using 500 ml graduated cylinders filled to 
525 ml with well-mixed culture liquid. Samples were withdrawn from the 225 
sl mark ( 1 5  cm below the 500 a1 mark, 12.5 cm above the bottom) by siphoning 
through a thin line made of glass and plastic tubing. The line volume was 
about 6 ml. The density at the sampling point was measured in Klett units 
over a one hour period, starting at time zero, and then after 3, 6, 9, 15, 
20, 3 0  and 6 0  minutes. In an idealized system the fraction of particles 
(NO-Nt)/NO (NnKlett density), missing after a given time, say one hour, 
corresponds to the fraction of particles in the initial culture sample which 
have settling velocities greater than or equal to 13 cm/l hr = 15 cm/hr. In 
order for this to be strictly true, several conditions must be met: 11 )  the 
initial mixture must be uniform, ( 2 )  the extent of the cylinder must be great 
enough so that accumulation of sedimenting (or floating) cells does not 
interfere with the further settling of cells, i.e., no bulking problems, ( 3 )  
there are no other interactions which hinder removal, ( 4 )  no convection, ( 5 )  
the particles must not flocculate prior to settling, and 16) the liquid level 
must not change significantly. None of these criterion can be rigorously 
met, except the first. The sampling point was taken near the midpoint of the 
cylinder to allow ample space for compaction (or bulking) of both floating 
and settling particles. 



S E C T I O N  3,0 

EXTENDED C U L T I V A T I D N  RESULTS 

3.1 INTRODUCTIDN 

T h r e e  s p e c i e s  o f  a l g a e  were  c u l t i v a t e d  i n  100 m 2  ( a n d  200 a Z )  p o n d s  
f o r  a t  l e a s t  one  month. Two o f  t h e  s p e e i e s  were  w i l d  t y p e s  t h a t  i n v a d e d  
t h e  pond  d u r i n g  c u l t i v a t i o n  o f  i n o c u l a t e d  i p e c i e s .  One, a Sggngdgadgg 
q y g d r i r a u d g  i n v a d e d  d u r i n g  f r e s h w a t e r  c u l t i v a t i o n  o f  a l a b o r a t o r y  g rown 
s t r a i n ,  g b l l g u y e  1450. The S .  g u a d ~ i ~ g u d g  was c u l t i v a t e d  f o r  t h i r t e e n  
months  i n  f r e s h w a t e r  and f o r  t h r e e  months  i n  b r a c k i s h  w a t e r  (4 p p t  T I E ) ,  
I n  f r e s h w a t e r  i t  was g rown b o t h  c o n t i n u o u s X y  ( c o n t i n u o u s  d i l u t i o n  o v e r  
d a y l i g h t  h o u r s )  and s e m i - c o n t i n u o u s l y  ( s e q u e n t i a l  b a t c h e s  d i l u t e d  e v e r y  
t h r e e  t o  seven  d a y s ) ,  D u r i n g  t h e  w i n t e r  a f  1983-84 (Dec . ,  Jan , ,  F e b . )  i t  
was m a i n t a i n e d  i n  a 200 m 2  p o n d  b u t  n o  d a t a  were  t a k e n .  A n o t h e r  w i l d  
s t r a i n ,  Chlpcr lHg 5p. a r o s e  d u r i n g  a t t e m p t s  t o  g row Q g g y s t i q  ( W a l k e r  t a k e  
i s o l a t e )  i n  b r a c k i s h  w a t e r  (4 .5  p p t  TDS), d u r i n g  J u l y  1984, I t  was 
c u l t i v a t e d  f a r  t w o  months ,  hug , -Sep t .  1984, s e m i - c o n t i n u a u s l y ,  The S .  
quaugicagda p r o v i d e d  b o t h  l o n g - t e r m  p r o d u c t i v i t y  d a t a  I t h i s  s e c t i o n )  and,  
due  t o  i t s  p r o n o u n c e d  t e n d e n c y  t o  f o r m  l a r g e  s e t t l e a b l e  c l u m p s ,  d a t a  on 
w a t e r  r e c y c l i n g  and b i o m a s s  r e m o v a l ,  The C h i q y ~ i l a ,  on t h e  o t h e r  hand ,  
g rew as n o n - s e t t l e a b l e  s i n g l e  c e l l s  w h i c h  a f f o r d e d  t h e  o p p o r t u n i t y  t o  
measure  p r o d u c t i v i t y  as a  f u n c t i o n  o f  c h a n n e l  m i x i n g  v e l o c i t y  even  a t  t h e  
v e r y  l o w  end o f  t h e  s c a l e  ( S e c t i o n  6.0). 

Two s t r a i n s ,  p r o v i d e d  b y  s p e c i e s  s c r e e n i n g  e f f o r t s  oS ~ t h e r  
s u b c o n t r a c t o r s ,  were  a l s o  c u l t i v a t e d ,  l4nkiqtya$esf iuz  f f i g a t g a  was g r o w n  
f o r  t w o  months  a t  a t i m e  i n  t h e  F a l l  o f  1983 and S p r i n g  o f  1984 i n  
b r a c k i s h  w a t e r  ( 4 - 8  p p t  TDS). A f r e s h w a t e r  Sgegedgwngg s p ,  So2a was grown 
d u r i n g  O c t o b e r  1983 b o t h  c o n t i n u o u s l y  and s e m i - c o n t i n u o u s l y  f a r  a s h o r t  
p e r i o d  o f  t i m e ,  However ,  n e i t h e r  o f  t h e s e  s t r a i n s  c o u l d  o u t c o m p e t e  
w i l d t y p e  o r g a n i s m s  i n  t h e  l o n g  r u n .  Two o t h e r  p r e - s c r e e n e d  s t r a i n s ,  an 
@ E Y s L ~ ~  and C h j g ~ g l i g  S o i a  were  i n t r o d u c e d  i n t o  t h e  o u t d o o r  e n v i r o n m e n t  
b u t  c o u l d  not b e  g rown l o n g  enough t o  i n o c u l a t e  t h e  l a r g e - s c a l e  (1100n2)  
ponds. 

T a b l e  3 -1  o u t l i n e s  t h e  s p e c i e s  grown a t  t h e  mass c u l t u r e  l e v e l ,  t h e  
d u r a t i o n  o f  c u l t i v a t i o n ,  and t h e  t i m e  o f  t h e  y e a r  i n  w h i c h  t h e y  were  
c u l t i v a t e d ,  I n  t h e  d a t a  t a b l e s  p r e s e n t e d  i n  t h i s  r e p o r t ,  p r o d u c t i v i t y  i s  
c i t e d  a s  b o t h  " s u s t a i n e d "  and "maximum" p r o d u c t i v i t i e s .  S u s t a i n e d  
p r o d u c t i v i t i e s  a r e  a v e r a g e s  a v e r  a s p e c i f i c  p e r i o d  o f  t i m e  d u r i n g  w h i c h  
t h e  c u l t i v a t i o n  was c a r r i e d  o u t ,  b u t  i t  d o e s  n o t  i n c l u d e  d a t a  f r o m  v e r y  
d i l u t e  s u e p e n s i o n s  ( ( 5 0  ppm) o r  s t a t i o n a r y  c u l t u r e s .  Bo th  o f  t h e  
s i t u a t i o n s  a r o s e  o f t e n ,  a s  we t r i e d  t o  d e t e r m i n e  b o t h  t h e  minimum and 
maximum d e n s i t i e s  w h i c h  a f f o r d e d  good p r o d u c t i o n .  These changed  u i t h  
c l i m a t i c  c o n d i t i o n s .  Maximum p r o d u c t i v i t y  r e f e r s  t o  an a v e r a g e  o f  t h e  
maximum p r o d u c t i o n  v a l u e  f r o m  e a c h  b a t c h  measured  d u r i n g  t h e  a v e r a g i n g  
p e r i o d .  



Tab le  3-1. P e r i o d s  o f  C u l t i v a t i o n  o f  M i c r o a l g a e  
i n  100m2, 200m2 Ponds 

1983 1984 

J A S O N D J F M A H J J A S O  

S. quad r i cauda  

F reshwa te r  
semi -con t i nuous  ------------- 

Freshwa te r  
c o n t i n u o u s  

B r a c k i s h  Water 
semi - con t .  

C h l o r .  sp. B r a c k i s h  Water 
Semi - con t .  

Ank is t rodesmus B r a c k i s h  
Water semi - con t .  - - .. - - - - - - 

S, So2a B r a c k i s h  Water 
semi -cont .  

S, So2a B r a c k i s h  Water 
c o n t i n u o u s  

3 . 2  SCENEDESMUS QUADRICAUDA WILDTYPE 

Ten months o f  p r o d u c t i v i t y  d a t a  o b t a i n e d  f rom semi -con t i nuous  c u l t i v a t i o n  o f  S .  
qy!d~lcgudg i n  f r e s h w a t e r  a r e  shown i n  Tab le  3-2 and F i g u r e  3-1, a l o n g  w i t h  
c l i m a t i c  summaries. The s u s t a i n e d  average p r o d u c t i v i t y  f o r  n i n e  months 
( e x c l u d i n g  Nov. 1983 - Februa ry  1984 when p r o d u c t i v i t y  war about  3-5 
gm/m2/day) was 14 gm/a2/day. E x c l u s i o n  o f  one more month, J u l y  1904, 
d u r i n g  wh ich  h i g h  t e m p e r a t u r e s  e v e n t u a l l y  l e d  t o  t h e  dea th  o f  t h e  c u l t u r e s ,  
s u s t a i n e d  p r o d u c t i v i t y  averaged a lmos t  16 gm/m2/day. P h o t o s y n t h e t i c  
e f f i c i e n c i e s ,  based on t o t a l  i n s o l a t i o n  v a r i e d  between 1 . 2  and 2 .2%.  The 
l o w e s t  e f f i c i e n c i e s  were r e c o r d e d  d u r i n g  t h e  warmest months. H i d  t o  l a t e  
s p r i n g  appeared t o  be o p t i m a l  f o r  c u l t i v a t i n g  t h i s  organism. 

The c u l t i v a t i o n  media i s  l i s t e d  i n  Tab le  2-2.  The major  chemica l  c o n s t i t u e n t s  
f rom t h e  i r r i g a t i o n  water  used a r e  i n c l u d e d ;  t h e  minor  c o n s t i t u e n t s  were a l s o  
l i s t e d  i n  T a b l e  2-2.  



T a b l e  3-2. Scgnedeegus gugdcjicau&a P r o d u c t i v i t y  
i n  F r e s h w a t e r  

T y p i c a l  
F i n a l  

A v e r a g e  P r o d u c t i v i t y  Maximum P r o d u c t i v i t y  T , O C  D e n s i t y  
M o n t h / Y r  gn /m2/d  L g l y / d  X E f f .  gm/m2/d L g l y / d  N i n / N a x  ppm 
- - - - - - 1 - - - - 1 - - 1 - 1 1 - - - 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - " - - -  

J u l  83 15 658 1.2 10 664 20-32 275  

Aug 83 14  568 1.4 17 584 18-32 3 0 0 

Sep 83 14 4 13 1.8 18 504 16-29 3 0 0 

Nov 83 5 150 1.6 4 248 5-13 250 

Mar 84 13 419 1.6 15 4 1  1 9 - 2 2  400 

Apr 84 15 456 1 . 0  17 549  11-26 500 

May 84 20 656 1.7 26 67 1 17-31 800 

J u n  84 17 673 1.4 25 688 20-32 500 

Ave. 8 mo. 16 
Ave. 9 mo. 14  

The p r o d u c t i v i t i e s  f r o m  t h r e e  months  o f  c a n t i n u o u s  c u l t i v a t i o n  a r e  d e p i c t e d  i n  
F i g u r e  3-2 and Tab le  3-3 and compared t o  c o n c u r r e n t  s e m i - c o n t i n u o u s  v a l u e s  i n  
' f a b l e  3-4. t h e  d i f f e r e n c e  i n  p r o d u c t i v i t y  was g r e a t e r  d u r i n g  t h e  summer, 
Maximum pond  t e m p e r a t u r e s  w e r e  a l s o  l o w e r  d u r i n g  c o n t i n u o u s  c u l t i v a t i o n  a s  
e x p e c t e d  due t o  t h e  s i g n i f i c a n t  d i l u t i o n  w i t h  w a t e r  a t  2 0 - 2 5 ~ C .  U n o t h e r  
i m p o r t a n t  d i s t i n c t i o n  i s  t h e  max ima l  d e n s i t y  a c h i e v a b l e . ,  i . e . ,  t h e  density  
t y p i c a l  a t  h a r v e s t  t i m e .  H e r e  s e m i - c o n t i n u o u s  ( b a t c h )  c u l t i v a t i o n  i s  
a d v a n t a g e o u s  s i n c e  d e n s i t i e s  were  t w i c e  as g r e a t  when p r o d u c t i v i t y  was r e d u c e d  
o n l y  25%. As shown i n  T a b l e  3-2, t y p i c a l  b a t c h  d e n s i t i e s  ( a n d  p r o d u c t i v i t i e s )  
were even  g r e a t e r  i n  1904 t h a n  1983 r e a c h i n g  700-800 ppm a t  t i m e  o f  d i l u t i o n .  

A f u r t h e r  d i s t i n c t i o n  b e t w e e n  c o n t i n u o u s  and s e m i - c o n t i n u o u s  o p e r a t i o n  is 
n o t a b l e .  The o r g a n i s m  e x h i b i t e d  an e x t r e m e l y  p r o n o u n c e d  t e n d e n c y  t o  # o r m  
c o l o n i e s  and f o r  c o l o n i e s  t o  a g g l o m e r a t e  i n t o  c l u m p s .  T h i s  o c c u r r e d  s h o r t l y  
a f t e r  t h e  i n i t i a l  i n v a s i v e  b l o o m  ( t h e  l a c k  o f  c l u m p i n g  upon  i n i t i a l  b l a o m i n g  
was o b s e r v e d  t h r e e  t i m e s ) .  The c o l o n i e s  were predominantly f o u r - c e l l e d ,  
a l t h o u g h  t w o  and e i g h t  c e l l e d  c o l o n i e s  were  p r e s e n t  i n  s i g n i f i c a n t  numbers.  







T a b l e  3-3. Scenedesmus q u a d r i c a u d a  C o n t i n u o u s  C u l t u r e  E x p e r i m e n t s  

Det . Ave. Ave. Ave. Max. 
Time I n s o l .  D e n s i t y  P r o d .  E f f .  P r o d ,  T OC 

D a t e s  days  L g l y l d  pH Range PPm gm1m2ld X gmlm21d Min-Max ................................................................................ 
6126-  1 . 7 0  645 7 . 5 - 8 . 5  115-200 1 7 . 2  1 . 2  1 9 . 1  18-29 

7 / 1 5  



Tab le  3-4. 9.  g y a d ~ l c a y d a  C o n t i n u o u s  vs. S e q u e n t i a l  C u l t i v a t i o n  

Cont .  Prod,  T y p i c a l  Seq. B a t c h  T y p i c a l  Max. P r o d u c t i v i t y  
g r / m 2 / d a y  D e n s i t y  P r o d u c t i o n  B a t c h  D e n s i t y  X I n c r e a s e  

M o n t h l y r  PPm ga/m2/day PPm .......................................................................... 
7 / 8 3  18.6 170 14.8 275 2b 

8 / 8 3  18.8  1 SO 14 350 34 

9 / 8 3  15 140 14  350 7 

D u r i n g  c o n t i n u o u s  c u l t i v a t i o n  s e v e r a l  c o l o n i e s  a s s o c i a t e d  f o r m i n g  c lumps o f  
20-100 um i n  t y p i c a l  d imens ion .  However, d u r i n g  b a t c h  g row th ,  hund reds  o f  
c o l o n i e s  c lumped i n t o  f l o c s  o f  one hundred  t o  s e v e r a l  t housand  m ic rons .  F i g u r e  
3-3 shows a  t y p i c a l  c lump.  Excep t  d u r i n g  J u l y  1984 w h e n  g r o w t h  o f  t h e  s t r a i n  
was t e n t a t i v e ,  t h e s e  c lumps were dense i n  c e l l s  and s p a r s e  i n  c e l l  d e b r ~ s  and 
d e t r i t u s .  I t  was t y p i c a l  t h a t  as  t e m p e r a t u r e  exceeded t h e  opt imum a f  
25-30°C, more and more o f  t h e  b iomass  o f  a  c lump was composed -of c e l l u l a r  
d e b r i s ,  

I t  was a l s o  obse rved  t h a t  t h e  S .  q y a d ~ i g a u d a  c u l t u r e s  were p l e i o m o r p h i c  and may 
n o t  have  been composed o f  one p u r e  s t r a i n .  Ra the r  two  m o r p h o l o g i c a l l y  d i s t i n c t  
t y p e s  o f  c e l l s  were a l w a y s  p r e s e n t ,  each i n  two  s i z e  ranges .  The dominant  f o r m  
r e s e m b l e d  ma tu re  c o e n o b i a  of  S .  g y g d ~ i g a g d g  end compr i sed  abou t  80X o f  t h e  
p o p u l a t i o n s .  I t  o c c u r r e d  i n  a  l a r g e  ( 5  x 13 urn) and s m a l l  ( 3  x 10 urn) body 
s i t e .  The o t h e r  f o r m  resemb led  r e p r o d u c i n g  S.  g y g d c i g g u d a  and o c c u r r e d  i n  5 x 
7 urn and 4 x 6 um c e l l  s i z e s .  

8. g y i d ~ i g g y d g  was a l s o  c u l t i v a t e d  i n  w a t e r  c o n t a i n i n g  4.0 and 8.0 p p t  T D S  
l f l a r c h  t h r o u g h  May 19841, o f  c o m p o e i t i ~ n  shown i n  T a b l e  2-2,  T h i s  medium, 
a l t h o u g h  h i g h  i n  NaCl was low i n  b a t h  K +  and ng2+ compared t o  t h e  medium 
o p t i m a l  f o r  g r o w t h  04  o t h e r  b r a c k i s h  wa te r  s t r a i n s  ( f i g k i g t ~ p d e y ~ y y ,  g g g ~ z f i s ~  
& ~ ~ g [ ~ ~ ~ w i l d t y p e ) .  P r o d u c t i v i t y  summaries f o r  4.0 p p t  g r o w t h  are  shown i n  
T a b l e  3-5, as week ly  averages .  I n  a l l  cases p r o d u c t i v i t i e s  were s i m i l a r .  
However, as w i l l  be d i s c u s s e d  i n  S e c t i o n  4.0, t h e  t e m p e r a t u r e  opt imum was 
s h i f t e d  downward as salinity i n c r e a s e d .  





f a b l e  3-54 S .  g g p d r i g g g d a  S a l i n e  4 p p t  

Weekly P r o d u c t i v i t y  Summar ies 

Max 
A v e r a g e  P r o d u c t i v i t y  P rod ,  T,OC 

Mo. /wk  g m / r 2 / d  L p l y / d  X E f f .  gm/m2/d M in lMax  PH Dens1 t y  

T a b l e  3-6 p r e s e n t s  a n o t h e r  way o f  s u m m a r i z i n g  t h e  f r e s h w a t e r  s e q u e n t i a l - b a t c h  
g r o w t h  o f  t h i s  o r g a n i s m .  H e r e  t h e  v a l u e s  o b t a i n e d  f o r  s u s t a i n e d  
p r o d u c t i v i t y ,  maximum p r o d u c t i v i t y  and t h e  e n v i r o n m e n t a l  c ~ n d i t i o n s  o f  
minimum pond  t e m p e r a t u r e ,  maximum pond  t e m p e r a t u r e ,  and t o t a l  i n s o l a t i o n  a r e  
a n a l y z e d  s t a t i s t i c a l l y .  The d a t a  a r e  f r o m  39 s e q u e n t i a l  b a t c h e s ,  
w e i g h t e d  b y  b a t c h  d u r a t i o n  ( a s  was done  i n  p r e v i o u s  p r o d u c t i v i t y  summary 
t a b l e s ) .  I t  c a n  b e  seen  f r o m  T a b l e  3-6 t h a t  t h e  v a r i a n c e  i n  t h e  p r e d i c t i o n  
o f  p r o d u c t i v i t y  is r e d u c e d  a b o u t  50% b y  u s i n g  a k n o w l e d g e  o f  any  c n e  o f  t h e  
t h r e e  v a r i a b l e s ,  i n  a l i n e a r  r e g r e s s i o n .  A d d i n g  more t h a n  one v a r i a b l e  t o  
t h e  l i n e a r  e s t i m a t e  a d d s  l i t t l e  t o  t h e  p r e d i c t a b i l i t y  o f  p r o d u c t i v i t y .  
B e t t e r  f i t s  may h a v e  been o b t a i n e d  b y ,  e . g . ,  u s i n g  t w o  l i n e a r  r e g i o n s  i n  a 
p i e c e w i s e  a r r a n g e m e n t  w i t h  a  s t e e p e r  s l o p e  a t  l o w e r  v a l u e s  o f  t h e  
t e m p e r a t u r e s  and i n s o l a t i o n .  However ,  t h e  s p a r s e n e s s  o f  e x p e r i m e n t a l  p a i n t s  
i n  t h i s  l o w e r  end  r e n d e r s  s u c h  an a n a l y s i s  o f  q u e s t i o n a b l e  v a l u e .  4s w i l l  be  
d i s c u s s e d  i n  S e c t i o n  4.0, t e m p e r a t u r e  o p t i m a  seem t o  e x h i b i t  s h a r p  c u t - o f f s  
a t  t h e  h i g h  and l o w  end. 



T a b l e  3-6 

A: S t a t i s t i c a l  P a r a m e t e r s  of S .  gypdr igpyda D a t a :  S u s t a i n e d  

V a r i a b l e  Symbol Mean V a r i a n c e  S . D .  n  = 39 ...................................................................... 
P r o d u c t i v i t y  P  14.7 15.8 4 . 0  

T o t a l  I n s o l a t i o n  I T 526 26 ,600 163 

s2 = V a r i a n c e  o f  p r o d u c t i v i t y  measurement 

E = E s t i m a t e  

sE2 = V a r i a n c e  o f  p r o d u c t i v i t y  about  t h e  r e g r e s s i o n  1 i n e .  



Tab le  3-6 1Cont . I  

0: S t a t i s t i c a l  Pa rame te rs  o f  g. quadyigagdg  Data :  Maximum 

Mean V a r  i ance S. D. n  = 38 ! a r l a b l e  .................................................... 

The w i l d t y p e  S. q u g d r j c a u d a  was t h e  n a t u r a l l y  c a m p e t i t i v e  o rgan i sm i n  
f r e s h w a t e r  and some b r a c k i s h  wa te r  f o r m u l a t i o n s  g i v e n  t h e  c l r m a t i c  
c o n d i t i o n s  p r e v a i l i n g .  Its n a t u r a l  t endency  was t o  agg lomera te  i n t o  
c lumps.  T h i s  t endency  was most p ronounced i n  f r e s h w a t e r  s e m i - c o n t i n u o u s  
o p e r a t i o n s ,  s t i l l  p ronounced i n  b r a c k i s h  wa te r  s e m i - c o n t i n u o u s  o p e r a t i o n s ,  
and l e a s t  e v i d e n t  i n  t r e s h w a t e r  c o n t i n u o u s l y  d i l u t e d  ponds. The c l u m p i n g  
a l l o w e d  easy h a r v e s t i n g ,  The l o n g t e r m  c u 3 t i v a t i o n  demons t ra ted  t h a t  
p r o d u c t i v i t i e s  o f  about  15 qm/n2/day l o n g t e r s  a v e r a g e  s h o u l d  be  e a s i l y  
o b t a i n e d .  However, t h e  o rgan i sm was n o t  s u s t a i n a b l e  i n  t h e  ponds a t  t h e  
warmest t i m e  o f  t h e  yea r  when maximum pand t e m p e r a t u r e s  r o s e  above 3 S 0 ~ .  



3.3 CHLORELLA WILDTYPE 

The w i l d t y p e  g h i g ~ g l i l  was t h e  n a t u r a l l y  dominant  o rgan ism d u r i n g  t h e  
summer i n  medium c o n t a i n i n g  4.5 p p t  TDS, 2.5mM Mg2+  and 3mM K'. 
f i 5 k i l t ~ ~ ! ! e S ! L ! S  and Q g g y t i e  were t h e  organ isms o r i g i n a l l y  i n t e n d e d  t o  be 
grown i n  t h i e  medium. However, t h e  C h l g r e i i a  was o n l y  s u s t a i n a b l e  d u r i n g  
t h e  warmest t i m e  o f  t h e  yea r .  As t e m p e r a t u r e s  dropped i n  October  1984 t o  
be low 15OC min. and 25OC max. t h e  organ ism d i e d .  

Tab le  3-7 and F i g u r e  3-4 show average week ly  p r o d u c t i v i t i e s  measured w i t h  

t h e  C h i g [ q l i a  sp. L e v e l s  o f  d i s s o l v e d  oxygen were k e p t  below t h o s e  
n o r m a l l y  reached  i n  t h e  ponds. S e c t i o n  6.0 has d e t a i l s .  S u s t a i n e d  and 
maximum p r o d u c t i v i t i e s  were h i g h e r  w i t h  C h N p r g i l g  d u r i n g  t h e  summer, t h a n  
w i t h  2. q g a d r j g a g d a .  

Tab le  3-7. C h l p r g l i g  P r o d u c t i v i t y  Summary 

Aver age Max i mum T y p i c a l  b a t c h  
P r o d u c t i v i t y  E f f .  Prod . T , O C  End ing D e n s i t y  

MoIWk gm/m2/day L g l y l d  % To t  gm/2/day L g l y l d  MinIMax PPm .......................................................................... 
81 1  23 64 1  2.0 30 64 1 19-32 560 

4 2  2  525 2.3 2  6  536 19-30 625 - - - - 
Mo. ave. 21 2 7 

4 11  427 1.4 15 417 - - - - 
Mo. ave. 16 20 





The d a t a  o b t a i n e d  f r o m  t h e  C h l q r g i i q  c u l t u r e s  were s u b j e c t e d  t o  l i n e a r  
r e g r e s s i o n  a n a l y s e s  as  w e l l .  These d a t a ,  however, were t a k e n  f r o m  a  much more 
r e s t r i c t e d  p e r i o d  o f  t i m e  t h a n  t h e  d a t a  f r o m  t h e  Sggngdgsmne c u l t u r e s .  I n  
a d d i t i o n ,  t h e  Chlprpt-ig d a t a  were o b t a i n e d  d u r i n g  per fo rmance o f  a  m i x i n g  speed 
expe r imen t .  Hence, o p e r a t i o n s  and p r o t o c o l  were much more u n i f o r m  i n  r u n n i n g  
t h e  C h l o r e l i q  c u l t u r e s  r e l a t i v e  t o  t h e  g g g n e d g s g u s  c u l t u r e s .  As Tab les  3-8A,b 
show, t h e  c o r r e l a t i o n  c o e f f i c i e n t s  computed a r e  much h i g h e r  t h a n  t h o s e  
c a l c u l a t e d  f o r  S g g n g d g g t y s .  The average ( s u s t a i n e d )  p r o d u c t i v i t y  c o r r e l a t e d  
o n l y  f a i r l y  w i t h  maximum t e m p e r a t u r e  and p o o r l y  w i t h  t o t a l  i n s o l a t i o n .  I n  
f a c t ,  l i t t l e  decrease i n  t h e  unaccoun tab le  v a r i a n c e  o f  t h e  p r e d i c t e d  
p r o d u c t i v i t y  i s  ga ined  by add ing  knowledge o f  t h e s e  v a r i a b l e s  t o  knowledge o f  
minimum tempera tu re .  Of cou rse ,  t h e  v a r i a b i l i t y  o f  a l l  pa ramete rs  was f a i r l y  
s m a l l  (10-207. o f  t h e  means) d u r i n g  t h e s e  expe r imen ts .  

The b e s t  c o r r e l a t i o n s  were found  i n  t h e  maximum p r o d u c t i o n  d a t a  s e t  ( T a b l e  
3 - B B ) .  L i n e a r  models e x p l a i n e d  most o f  t h e  v a r i a b i l i t y  i n  p r o d u c t i v i t y ,  m a i n l y  
i n  t e rms  o f  maximum t e m p e r a t u r e  and i n s o l a t i o n .  About 80% o f  t h e  v a r i a n c e  
c o u l d  be  accounted f o r  by  t h e  changes i n  t h e s e  v a r i a b l e s .  P a r t i a l  
c o r r e l a t i o n s ,  however, d i d  n o t  i n d i c a t e  t h a t  t h e  c o r r e l a t i o n  between p r o d u c t i o n  
and e i t h e r  maximum t e m p e r a t u r e  o r  i n s o l a t i o n  was due t o  t h e  l i n e a r  c o r r e l a t i o n  
o f  e i t h e r  o f  t h e s e  v a r i a b l e s  on t h e  o t h e r .  

The l a c k  o f  c o r r e l a t i o n  o f  some o f  t h e  d a t a  may a g a i n  be due t o  poor  c h o i c e  o f  
model. A g l a n c e  a t  t h e  s c a t t e r  d iagrams (see Appendix)  r e v e a l s  t h a t  p i e c e w i s e  
l i n e a r  f i t s  may have been a  b e t t e r  c h o i c e  o f  model f o r  t h e  s u s t a i n e d  p r o d u c t i o n  
d a t a  s e t  and f o r  t h e  minimum temperature-maximum p r o d u c t i v i t y  da ta .  

B e t t e r  c o r r e l a t i o n s  were expected u s i n g  maximum p r o d u c t i v i t y  d a t a  t h a n  average 
p r o d u c t i v i t y .  The l a t t e r  i n c l u d e s  p o i n t s  wh ich  were most l i k e l y  l i m i t e d  by 
subop t ima l  c e l l  d e n s i t y .  Even t h e  h i g h  c o r r e l a t i o n  o f  maximum p r o d u c t i o n  w i t h  
i n s o l a t i o n  and maximum t e m p e r a s t u r e  i s  n o t  ev idence  t h a t  no o t h e r  v a r i a b l e  
l i m i t e d  p r o d u c t i v i t y .  h lmos t  a l l  p r o d u c t i v i t y  v a l u e s  were below 30 
gm/m2/day. 

f l n k i s t r q d e s m u p  f a i g g t u s  was o b t a i n e d  f r o m  W.Thomas as a  r e s u l t  o f  h i s  s p e c i e s  
s c r e e n i n g  e f f o r t .  I t  was c u l t i v a t e d  d u r i n g  t h e  l a t e  summer and f a l l  o f  1983 
and a g a i n  d u r i n g  t h e  s p r i n g  o f  1984. A l t hough  t h e  o r i g i n a l  medium recommended 
by Dr. Thomas c a l l e d  f o r  v i t a m i n  supp lemen ta t i on ,  i n d o o r  e x p e r i m e n t a l  r e s u l t s  
i n d i c a t e d  t h a t  t h i s  was n o t  necessary .  Consequent ly ,  a f t e r  9 /28 /83  v i t a m i n s  
were n o t  i n c l u d e d  i n  t h e  ou tdoo r  medium. 



'Table 3-0 

A:  S t a t i s t i c a l  Parameters o f  GNg~s i la  Data: S u s t a i n e d  Product ion  

Var iab le  Mean Var i ance S.D. n = 10 
*-1--1--------------.-----------------0--.-------------------- 

P 18 .7  2 1 . 6  4 . 6  

0: S t a t i s t i c a l  Parameters o f  El7157gl12 Data: M a x i m u m  Product ion  

V a r i a b l e  Mean Variance S .  D .  r! = 14 
I - - - - - ~ - " ~ L I C C - C ~ C - - - - - C - - - - 3 - - - - d - - - - - - - - - - - - - - - - - -  

P 2 3 . 5  4 0 . 7  6 . 4  

C o e f f .  v e c t o r  R~ R 
I I - I I * C I " - I L -  ----- 0--0 

( - 5 . 3 ,  1 . 5 3 )  0 , 3 2 4  0 . 5 7  

P a r t i a l  C o r r e l a t i o n s :  Based on P v s  T,,,, I T  
rpT.1 = 0 . 3 5 7 ,  1 held c o n s t a n t  
rp1.T = 0 . 3 7 5 ,  T h e l d  c o n s t a n t  



P r o d u c t i v i t y  d a t a  i s  summarized i n  Tab le  3-9. P r o d u c t i v i t y  o f  t h i s  s t r a i n  was 
l o w e r  t h a n  t h a t  o f  b o t h  w i l d t y p e s  excep t  i n  Nov. 1983 a t  l o w  i n s o l a t i o n  and 
tempera tu re .  U n t i l  l a t e  Sept ,  1983, t h e  c u l t i v a t i o n  was c h a r a c t e r i z e d  by  a  
b rown ing  o f  t h e  c u l t u r e s  a f t e r  t h e  f i r s t  b a t c h  growth .  I t  was de te rm ined  ( v i a  
b i o a s s a y )  t h a t  i n s u f f i c i e n t  po tass ium was t h e  cause. Potass ium d e f i c i e n t  
c u l t u r e s  greened q u i c k l y  when b r o u g h t  i n d o o r s  and supplemented w i t h  po tass ium,  
Outdoor brown c u l t u r e s ,  a f t e r  s u p p l e m e n t a t i o n  u i t h  po tass ium,  greened v e r y  
s l o w l y  and i n c o m p l e t e l y .  The same p rob lem w i t h  r e g r e e n i n g  o c c u r r e d  a f t e r  
n i t r o g e n  s t a r v a t i o n .  

The g rowth  o f  t h i s  o rgan ism,  when h e a l t h y ,  was c h a r a c t e r i z e d  by a  deep green 
c o l o r  and a  comp le te  d i s p e r s i n g  o f  c e l l s .  As any one o f  a  number o f  n u t r i e n t  
d e f i c i e n c i e s  s e t  i t ,  t h e  c e l l s  clumped ( w i t h  s c o r e s  o f  c e l l s  t o  a  c lump) .  The 
c e l l s  t hemse lves  were a lmost  s t r a i g h t  o r  s i c k l e - s h a p e d ,  w i t h  s i z e s  v a r y i n g  
between 12-40 u  i n  l e n g t h  and 2-4 u  i n  w i d t h  ( F i g u r e  3-31, I n  a d d i t i o n  t o  
n u t r i e n t  d e f i c i e n c y ,  c l ump ing  o f  c e l l s  was a  c o n s i s t e n t  consequence o f  extended 
c u l t i v a t i o n  o f  t h i s  organism. The g e n t l e  m i x i n g  caused by padd lewhee ls  appears 
t o  have enhanced c lumping.  

Another c o n s i s t e n t l y  observed c h a r a c a t e r i s t i c  o f  t h i s  o rgan ism was t h e  tendency 
t o  b l e a c h  i n  h i g h  l i g h t  o r  due t o  n u t r i e n t  d e f i e n c y .  The b l e a c h i n g ,  once 
advanced, was n o t  r e v e r s i b l e  as was t h e  case w i t h  t h e  w i l d t y p e  f g g ~ g d q s f i g ~  
s t r a i n .  When d i l u t e  c u l t u r e s  were i n i t i a t e d  under s u n l i g h t ,  t h i s  b l e a c h i n g  was 
t y p i c a l ,  b u t  c h l o r o p h y l l  c o n t e n t  i n c r e a s e d  as d e n s i t y  i n c r e a s e d  due t o  growth .  
C u l t i v a t i o n  o f  t h i s  s t r a i n  was l i m i t e d  b o t h  due t o  c o m p e t i t i o n  f r o m  w i l d  
s t r a i n s  ( i n i t i a l l y  g g l g n q s t y u !  under low ~ 9 ~ '  o r  K' c o n d i t i o n s ,  g c g n g d g g f i u g  
O r  C h l p y g l l g  o t h e r w i s e )  and t o  a  t e m p e r a t u r e  optimum lower  t h a n  summer pond 
tempera tu res .  

Average p r o d u c t i o n  f r o m  t h i s  s t r a i n  was o n l y  12 gm/m2/day. I t  was d i f f i c u l t  
t o  p r e v e n t  c o n t a m i n a t i o n  by S .  gutdrlgaudg d u r i n g  A p r i l  1984 and i m p o s s i b l e  
d u r i n g  May 1984. I n c r e a s i n g  t h e  s a l i n i t y  f r o m  4.5 t o  8.5 p p t  i n  A p r i l  d i d  n o t  
l e a d  t o  f a s t e r  g row th ,  h i g h e r  p r o d u c t i v i t y  o r  i n c r e a s e d  c o m p e t i t i v e n e s s .  
D u r i n g  t h e  summer months o f  1984, g row th  o f  C h l p r e l l s  p r e v e n t e d  t h e  
e s t a b l i s h m e n t  o f  even a  s m a l l - s c a l e  ou tdoo r  Q n k i z t r p d e q m y s  c u l t u r e .  

3.5 SCENEDESHUS So24 CULTIVATION 

A s t r a i n  o f  Scenedesmus, d e s i g n a t e d  So2a by i t s  i s o l a t o r  (S. L i e n )  was grown 
f o r  a  s h o r t  p e r i o d  o f  t i m e  i n  t h e  100 m2 ponds. The d u r a t i o n  o f  c u l t i v a t i o n  
was l i m i t e d  by c l i m a t e  ( c u l t u r e s  were i n o c u l a t e d  i n  Sept .  1983) and 
c o n t a m i n a t i o n  by t h e  w i l d t y p e  hgngdgsmn~. Tab le  3-10 summarizes t h e  data .  As 
t h e  F a l l  p r o g r e s s e d  p r o d u c t i v i t y  d e c l i n e d .  S i n c e  t h e  organ ism was n e i t h e r  
h i g h l y  c o m p e t i t i v e ,  no r  a  l i p i d  p roducer  ( S e c t i o n  3 . 6 )  i t  was n o t  s t u d i e d  
f u r t h e r  i n  1984. 



T a b l e  3-9 

Ank is t rodesmus P r o d u c t i v i t y  Summary: Week ly  U v e r a g e s  

Average P r o d u c t i v i t y  Max Prod .  T , O C  Densi t y  
Ho/Yr  ,Wk gm/m2/day L g l y / d  X T o t .  gm/m2/d Min/Hax PH P P m  
- - e - " - " - - - - - I I - - I - I - - - - - I C * L - I " - I . I - L - - - - - - - - I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

8 / 8 3 , 1  12 654 1 . 0  16 20 -33  0 . 0 - 9 .  0 235-425 

2 1 0 . 5  615  0 . 9  1 3 . 5  19-33 a. 0-0 ,7  50-225 

3 , 4  0 K +  d e f i c i e n t  

9 / 8 3 , 1  13 545 1 . 3  i 3 20-30 7 . 2 - 8 . 5  65-330 

2 14  526 1 .5  16 20-31 7 . 9 - 8 . 5  167-306 

3 10 456  1 . 2  14 16-29 7 . 8 - 8 . 5  178-420 

4 1 5 . 5  402 2 . 4  18 17-27 7 , b - 6 . 8  75-300 -- -- 
Uver  age  13 15 

4 13 -- 
Average 12 

* 2X s a l i n i t y  



Table 3-10. Scenedesmus So2a C u l t i v a t i o n :  100m2 1983 

Ave. P r o d u c t i v i t y  E f f .  Nax.Prod. T , O C  Densi ty  0 
Dates gm/m2/day Lglyld X Tot,  gm/m2/d minlmax pH PPm days 

Batch S t a r t - u p  

9/27-29 10 355 1.5 16 15-25 8.0-0.5 35-195 

Cont:inuous Operat ion 

10/ 1-7 15 405 2.0 17 19-25 7.2-8-9 130-180 2.3 

1018-11 10 37 1  1 .5  12 14-29 7.0-8.8 120-155 3.2 

3.6 LIPID C O N T E N T  

None of t h e  s t r a i n s  t e s t e d  i n  t h e  outdoor system produced l i p i d s  i n  l a r g e  
amounts, e i t h e r  when N - s u f f i c i e n t  o r  s t a r v e d .  Table 3-11 l i s t s  l i p i d  con ten t  of 
t h e  s t r a i n s  used ou tdoors .  

Table 3-11. Lipid  Content of Mass C u l t u r e s  

Organism N-Suf f i c i e n t  N-St arved 
# t e s t s  % l i p i d  S.D. # t e s t s  X l i p i d  S.D. 

-------------------------------.------------------------------------ 
S, quadr icuada 8  20.2 2.4 2  13.8 0.1 

A n k i  s t rodesmus 9  26.3 3.2 

3.7 CONCLUSIONS 

o  P r o d u c t i v i  t i e s  of 15-25 gm/m2/day were r o u t i n e 1  y ob ta ined  
from wi ld type  s t r a i n s  throughout  t h e  7-8 month "growing season ."  
However, h igher  v a l u e s  were r a r e l y  seen.  T h u s  a  " b a r r i e r "  of 
unknown o r i g i n  appears .  

o  Continuous o p e r a t i o n  was about 20% more p roduc t ive  than semi- 
con t inuous  o p e r a t i o n ,  but " h a r v e s t i n g "  d e n s i t i e s  were much lower.  

o  P r e - s e l e c t e d  s t r a i n s  f a r e d  poor ly  i n  compet i t ion  w i t h  w i ld types .  
If s p e c i e s  s c r e e n i n g  i s  t o  be e f f e c t i v e ,  more a t t e n t i o n  must be 
paid t o  t h e  c l i m a t i c  c o n d i t i o n s  p r e v a i l i n g  a t  t h e  mass c u l t u r e  s i t e .  



S E C T I O N  4.0 

PHYSIOLOGXCAL FACTORS AFFECTING MET PHOTOSYNTHETIC  YIELD 

4.1 I N T R O D U C T I O N  

A n o t i c e a b l e  a s p e c t  o f  t h e  c u l t i v a t i o n  d a t a  is t h e  c o n s i s t e n c y  w i t h  wh i ch  
p r o d u c t i v i t i e e  were be low  25 gm/m2/day. In t h i s  s e c t i o n  t h e  f c l  l o w i n g  
f a c t o r s ,  wh i ch  may have l i m i t e d  y i e l d  a r e  discussed: g r a z i n g ,  t e m p e r a t u r e  
and l e v e l s  o f  d i s s o l v e d  oxygen. I t  w i l l  be  seen t h a t  each s t r a i n  responds  
t o  a  d i f f e r e n t  e x t e n t  t o  h i g h  l e v e l s  o f  t h e s e  pa rame te rs ,  

4 . 2  G R A Z I N G ,  TEMPERfiTURE AND DISSOLVED OXYGEN I N  PONDS 

E x p e r i m e n t s  were conduc ted  t o  t r y  t o  a s c e r t a i n  the r e a s o n s  f a r  l ow  
p r o d u c t i v i t y  in s p e c i f i c  cases,  and t h e  appearance and d i s a p p e a r a n c e  o f  
p a r t i c u l a r  s t r a i n s  a t  c e r t a i n  t i m e s  o f  t h e  y e a r .  The 3 .  g g g d y i g a u d a  
f a l t e r e d  d u r i n g  t h e  h o t t e s t  months, bu t  domina ted  ponds a t  o t h e r  t i m e s .  
The r e s u l t s  be low  i n d i c a t e  t h a t  i )  t h i s  s t r a i n  i s  r e s p i r a t o r y  a t  h i g h  
t e m p e r a t u r e s ,  2 )  t h a t  i t  i s  s u s c e p t i b l e  t a  g r a z i n g  a t  h i g h  t e m p e r a t u r e s ,  
i . e . ,  when g r a z i n g  a c t i v i t y  i n c r e a s e s ,  b u t  3 )  i t  i s  r e l a t i v e l y  t o l e r a n t  
t o  v e r y  h i g h  l e v e l s  o+ d i s s o l v e d  oxygen. 

T a b l e  4 - 1  shows o v e r n i g h t  r e s p i r a t o r y  and g r a z i n g  l o s s e s  measured i n  5. 
g g g f l ~ ~ g g J ~ ~  c u l t u r e s ,  G r a z e r s  were t o t a l l y  absen t  f r o m  ponds t h r o u g h o u t  
1983 and most o f  1984. On ly  when pond t e m p e r a t u r e s  reached  25°C 
o v e r n i g h t  and 35OC d u r i n g  t h e  day, f o r  ex tended  p e r i o d s  o f  t i m e ,  d i d  
g r a z e r s  bloom. T h i s  o c c u r r e d  i n  June 1984. The t h r e a t  o f  g r a z i n g  
rema ined  u n t i l  S e p t .  1904. D u r i n g  J u l y - A u g u s t  1984 ,  even w i t h  heavy 
a d d i t i o n s  o f  aqua-ammonia, c u l t i v a t i o n  of S. qudy.mcagda c o u l d  n o t  be  
m a i n t a i n e d .  The @ l ! r g l i g  c u l t u r e s ,  on t h e  o t h e r  hand t h r i v e d ,  a l t h o u g h  
each h a t c h  needed t o  b e  o p e r a t e d  on t h e  f i n a l  d a y ,  a t  h i g h  pH 0 9 . 3 1  w i t h  
30 ppm f r e e  N H 3 ,  f o r  t w e n t y - f o u r  h o u r s ,  t o  e l i m i n a t e  g r a z i n g .  As shown 
i n  T a b l e  4-1 o v e r n i g h t  l o s 6 @ ~  o f  g. qggdywgagda biomass were absen t  i n  
A p r i l  when t e m p e r a t u r e s  were low,  and h i g h e s t  i n  June and J u l y .  The 2.  
q u d y i g g u d p  c lumps underwent  a  change f r o m  t h e  end o f  May t o  mid-June f r o m  
b e i n g  d e n s e l y  packed w i t h  c e l l s  t o  b e i n g  S O X  composed o f  c e l l  d e b r i s  and 
d e t r i t u s ,  G r a z i n g  i n c r e a s e d  d u r i n g  t h i s  p e r i o d  w i t h  t y p i c a l  r o t i f e r  
l e v e l s  o f  O / m l  i n  A p r i l ,  0 - l / m l  i n  Hay and 10-:100/ml i n  June, The 
o v e r n i g h t  l o s s e s  became n e a r l y  equa l  t o  d a y t i m e  p r o d u c t i o n  when heavy 
g r a z i n g  accompanied r e s p i r a t i o n .  I t  s h o u l d  be  n o t e d  t h a t  a t  low t o  
modera te  o v e r n i g h t  l o s s  ( (10% o f  d a y t i m e  g r o s s )  t h e  p r e c i s e  v a l u e  o f  t h e  
l o s s  was d i f f i c u l t  t o  r e s o l v e .  The c a l c u l a t i o n  i n v o l v e s  s u b t r a c t i o n  o f  
two  l a r g e  numbers [ e v e n i n g  and morn ing  d r y  w t s , ) ,  each o f  wh i ch  was 
s u b j e c t  t o  a  1-4% e r r o r .  As o v e r n i g h t  l o s s e s  g o t  l a r g e ,  t hese  d i f f e r e n c e s  
became more and mare a c c u r a t e l y  r e s o l v a b l e .  



T a b l e  4-1. 1. quqd~&cagcla O v e r n i g h t  Losses 

Gross  O v e r n i g h t  Loss  Pond 
P r o d u c t .  7. o f  T O , C  S i z e  Hot .  

Date  gm/m2/day gm/m2/day Gross min am max m2 # / m l  ........................................................................ 

Tab le  4-2 shows r e s u l t s  fromm s e q u e n t i a l  ba tches  i n  t h e  1.4mZ ponds, one of 
wh ich  was heated.  The c o l l a p s e  of t h e  S.-quad[icayda o c c u r r e d  more q u i c k l y  
i n  t h e  hea ted  pond, which c o u l d  n o t  be grown t o  h i g h  d e n s i t y  i n  l a t e  June. 
No g r a z e r s  were p r e s e n t .  By J u l y  when tempera tu res  were above 35OC, i t  
c o u l d  n o t  be grown a t  a l l  (no  d a t a  shown). A t  t h i s  t i m e  tempera tu res  i n  t h e  
unheated pond were a l s o  h i g h .  As can be g leaned  f rom t h e  t a b l e ,  h i g h e r  
t empera tu res  f i r s t  impac ted  p r o d u c t i o n  a t  h i g h  c e l l  d e n s i t y .  

O v e r n i g h t  l o s s e s  f o r  C h l p r e l l g  a r e  p r e s e n t e d  i n  Tab le  4-3. Here l o s s e s  were 
low excep t  i n  a  hea ted  1.4m2 pond, and i n  t h e  100m2 pond (1-1)  when 
o v e r n i g h t  t e m p e r a t u r e  was h i g h e s t .  f i t  p r e v a i l i n g  tempera tu res  r e s p i r a t o r y  
l o s s e s  were 0-10%. Graz ing  i n c r e a s e d  l o s s e s  and was most seve re  a t  h i g h e r  
t empera tu res .  P r o d u c t i v i t y  r e s u l t s  f rom t h e  1.4m2 ponds ( T a b l e  4-41  
i n d i c a t e  t h a t  t h i s  o rgan ism t o l e r a t e s  tempera tu res  f rom 12-15OC a t  n i g h t  
and 25-3e0C d u r i n g  t h e  day. Low r e s p i r a t o r y  l o s s e s  were measured f rom 
& c y : ~ ~ s - c u l t u r e s  as w e l l  ( T a b l e  4-51,  The o r g a n i s n  grew w e l l  i n  t h e  1.4m2 
ponds f o r  s h o r t  p e r i o d s  o f  t i m e  a f t e r  i n o c u l a t i o n  ( T a b l e  4-61, b u t  d i d  n o t  
compete w e l l  enough t o  s u c c e s s f u l l y  i n o c u l a t e  t h e  l a r g e r  ponds. 



T a b l e  4-2. S.  q g a d r i g g y d g  1.4m2 Pond R e s u l t s  1984 

D a t e s  Days Tmin Tma, pH TDS D e n s i t y  Ave.Prod. Max,Prod, Hea ted  
OC OC P P ~  PPm gm/m2/day gm/m2/day ............................................................................. 

6 /12 -14  3 13 28 7.5 0.4 116-332 2  2  2 7 - 
6 /15 -17  3 15 29 7.5 0.4 332-490 14 19 - 

BATCH #2 

BATCH # 3  

* C u l t u r e  50% dead 

4.2.2 P r o d u c t i v i t y  P r o f i l e s  

I n  s e v e r a l  i n s t a n c e s  p r o d u c t i v i t y  p r o f i l e s  were c a l c u l a t e d  i n  an a t t e m p t  t o  
d e t e r m i n e  how t h e  b i omass  i n c r e a s e  was d i s t r i b u t e d  o v e r  t h e  d a y t i m e .  The 
f i r s t  such  e x p e r i m e n t  was c a r r i e d  o u t  i n  A p r i l  1984 i n  a  S .  q u a d r i c a g d a  
c u l t u r e  ( T a b l e  4-71, A l t h o u g h  p r o d u c t i o n  was n o t  even  o v e r  t h e  day ,  
a f t e r n o o n  c l o u d  c o v e r  i s  e a s i l y  seen t o  be  t h e  r e a s o n .  The l a s t  row o f  t h e  
t a b l e  g i v e s  an e f f i c i e n c y  c a l c u l a t i o n ,  w i t h  e r r o r s .  The e r r o r s  a r e  a c t u a l  
c a l c u l a t i o n s  based  on t h e  d u p l i c a t e  a n a l y s i s  o f  c e l l  d e n s i t y .  Thus a l t h o u g h  
h i g h  e f f i c i e n c i e s  appear  t o  have  been o b t a i n e d  i n  t h e  a f t e r n o o n  (and  even  
o v e r n i g h t ) ,  t h e  e r r o r s  a r e  so  l a r g e  t h a t  t h e  v a l u e s  c a l c u l a t e d  a r e  
m e a n i n g l e s s .  H a l f - d a y  a v e r a g e s  shown i n  a  l a t e r  t a b l e  i n d i c a t e  t h a t  i n  f a c t  
e f f i c i e n c y  d ropped  i n  t h e  a f t e r n o o n .  The d a t a  i n d i c a t e  t h a t  i r r a d i a n c e  must 
be g r e a t e r  t h a n  200 ~ m ' ~  t o  o b t a i n  much b i omass  i n c r e a s e  i n  a  dense c u l t u r e  
0 7 0 0  ppm). Pond t e m p e r a t u r e s  were b e l o w  20°C, b u t  even  a t  l o w  t e m p e r a t u r e  
and i n s o l a t i o n ,  pond DO was q u i t e  h i g h .  



T a b l e  4-3. C h l p ~ p / l a  O v e r n i g h t  Losses  

Gross  O v e r n i g h t  Loss  
p r o d u c t .  % o f  T ,OC R O ~ .  

Da te  gm/m2/day ge/m2/day Gross  m in  max 1900 0700 # / m l  
- 

1 a 4m2 unhea ted  ....................................................................... 
8 / 3 , 4  25.5 -1.6 6 +6-3 15 27 24 15 0 

10,11 26.9 -3.7 14 +8-6 16 30 26 16 0 ....................................................................... 
1, 4m2 h e a t e d  ....................................................................... 

8 /4 ,5  17.6 2.1 - 15 30 24 15 0 



T a b l e  4 -4 .  Ch!pyeWha: 1.4m2 Pond R e s u l t s  

b i n  b a x  A v e . P r o d .  Max .Prod .  D e n s i t y  
D a t e s  Days O C  PC pH gm/m2/d gm/m2/d Heated  

T a b l e  4-5 .  Qpcy.t igi  O v e r n i g h t  R e s p i r a t i o n  - 1 .4m2 P ~ n d  

Gross R e s p i r a t o r y  Loss 
P r o d u c t ,  % o f  T ,  OC 

D a t e  g r / m 2 / d a y  gm/m2/day Gross  min max 1900 0700 

T a b l e  4-6. P p g l & l l :  1. 4m2 Pond R e s u l t s  

A v e r . P r o d .  N a x . P r o d .  
D a t e s  Days i n  b a x  pH gm/m2/dry  g n / 2 / d a y  Heated  



T a b l e  4-7 

P r o d u c t i v i t y  P r o f  i 1  e  4125184 2. qytdr jgggdfl 100m2 Pond 
6 P P ~  

- - - - - - C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

4/26 
Time 0700 1100 1300 1500 1700 1900 0700 

Temp, O C  8 12 17 1 0 17 14.5 7 

D 0 
X s a t  160 - - - 450 400 310 235 - 
P Pm 18 40 37 2 8 23 - - - 

D e n s i t y  
P  P  * 660 698 721 726 732 734 736 
+ P P ~  2 2 3 3 3 3 3 

I T 
L r n g l e y s  16 208 378 488 523 539 55 1 
% T o t a l  3 38 6 9 8 8 9 5 98 100 
d i f f e r e n t i a l  - 192 170 110 3  5 16 12 

P r o d u c t i v i t y  
cum. gm/m2 - 7.8 12.4 13.4 14.7 15.1 15.4 
Y. T o t a l  - 50 8 1 87 9 5 9 8 100 
d i f f e r e n t i a l  - 7.6 4.7 1.0 1.2 0.4 0.3 

d i f f .  Prod. xlo3 -------------- 4024 2825 9+9 34234 25225 25+25 
d i f f .  L a n g l e y s  

fin a f t e r n o o n  p r o d u c t i v i t y  d e p r e s s i o n  was observed on 6/13 and 6/15, 1984 i n  
t h e  1.4m2 ponds ( T a b l e s  4-BAB, 940). I n  t h e s e  ponds m i x i n g  i n t e n s i t y  
( ~ m ' ~ )  was much h i g h e r  t h a n  i n  t h e  l a r g e  ponds. T h i s  r e s u l t e d  i n  much 
i n c r e a s e d  gas t r a n s f e r  t h r o u g h  t h e  s u r f a c e  and hence l ower  DO l e v e l s .  Pond 
tempera tu res  were h i g h e r  t h a n  i n  A p r i l .  A d i s p r o p o r t i o n a t e  amount o f  t h e  
t o t a l  y i e l d  was o b t a i n e d  p r i o r  t o  1300 h r s .  The e f f e c t  was g r e a t e r  i n  t h e  
hea ted  pond, as b e s t  ev idenced f rom Tab les  4-9AB, i n  wh ich  o v e r n i g h t  l o s s e s  
a r e  accounted f o r ,  R e s p i r a t i o n  i s  a  p o s s i b l e  cause, i n c r e a s i n g  as pond 
t e m p e r a t u r e  i nc reased .  The e f f e c t s  o f  DO a r e  u n c e r t a i n ,  b u t  as w i l l  be shown 
be low,  p r o l o n g e d  exposure  t o  h i g h  DO o n l y  m o d e r a t e l y  reduced p r o d u c t i v i t y  o f  
t h i s  s t r a i n  i n  t h e  l a b o r a t o r y .  



T a b l e  4-8A 

P r o d u c t i v i t y  Profile 6 / 1 3 / 8 4  i. g u a d r l g g g d a  

l.4m2 Pond - Unheated 
0.4 ppt  

'Fi me 0700 

Temp, OC 12 

Uensi t y  
PPm 182 
+ P P ~  1 

IT 
L a n g l e y s  0 
X T o t a l  
differential 

Productivity 
cum. gm/m2 o 
% T o t a l  
differential 

~ ~ f t l - ~ r p ~ r _ x  l o 3  
diff. L a n g l e y s  



T a b l e  4 -80  

P r o d u c t i v i t y  P r o f i l e  6 / 1 3 / 0 4  9. gLtt@t-i~ag@fi 

1 . 4 r 2  Pond - H e a t e d  
0 . 4  p p t  .................................................................. 

T i  me 0 7 0 0  1200  1400  ( 6 / 1 4 )  0 7 0 0  

Temp, OC 17 31 .5  3  1  18 

D e n s i t y  
P  P  264  3 0 0  3 1 0  
? P P ~  2 3  1 

1 T 
L a n g l e y s  0 266  426 
% T o t a l  3  0  6  9 
d i f f e r e n t i a l  2 6 6  160  

P r o d u c t  i v i  t y 
cum. gm/mi! 0 9 . 7  1 4 . 5  
% T o t a l  0 53 7 9 
d i f f e r e n t i a l  9 . 7  4 . 0  

d i f f .  P r o d .  x103 3 6 2 5  30:b 15+5 
d i f f ,  L a n g l e y s  



P r o d u c t i v i t y  P r o f i l e  b / 1 5 / 0 4  S .  g y a d ~ i c g y d a  

1.4m2 P ~ n d  - Unheated  
0 . 4  p p t  

- 1 1 - - - - - - 1 1 1 1 - 1 1 - - 1 - - - - - - - " - - - - C C I C I - I L L L - - - - - - " - - - - - - - - - - - - ~ - - - - - - 1 - -  

Time 0730 1300 1 7 0 0  1900 (6 -16 )  0700 

Temp, OC 14 2 7  28 27 14 

D e n s i t y  
PPm 332 372 3 9 5  3 9 4  - 
tFJpm 2 2 4 0 . 5  

IT 
L a n g l e y s  17 336 623 683 6 9  1  
% T o t a l  2 .5  49 90 99  100 
d i f f e r e n t i a l  - 319 287 60  8 

Productivity 
cum. g m / m 2  - 1 0 . 6  - 16 .7  l b , 5  
% T o t a l  - 63 - 100 

d i f f e r e n t i a l  - 10.6  - 6 . 1  

d i f f .  P r o d .  # l o 3  3 3 t 4  
d i f f .  L a n g l e y s  



Table 4-9B 

Productivity Profile 6/15/84 5, guadr jcayda 

1.4m2 Pond - Heated 
0.4 p p t  

Temp, OC 25 

DO 
%sat 130 
P P m  10.6 
Density 
PPm 428 
!PP~ 6 

1 T 
Langleys 17 
%Total 2.5 
differential - 
Productivity 
~ u m , ~ m / m 2  - 
XTotal 
differential 

d i f f .  Prod. x l o 3  ------------- 
d i f f .  Langleys 



In t a b l e s  4-8A0, t h e  l a s t  row i n d i c a t e s  t h a t  p h o t o s y n t h e t i c  e f f i c i e n c y  d i d  
not  d e c r e a s e  a t  peak i r r a d i a n c e  (1200-1400 h r s )  b u t  d id  d e c r e a s e  30% 
t h e r e a f t e r .  A h a l v i n g  mf e f f i c i e n c y  i n  t h e  a f t e r n o o n  r e l a t i v e  t o  t h e  
morning i s  a g a i n  e v i d e n t  on 6 / 1 3  ( T a b l e s  9 A B ) .  Table  4-10 summarizes t h e  

i t  prof  i l @ ~  f rom 6. g g s d r i c g u d g  c u l t u r e s  (and one f i n k i s h ~ g d g s n y i  
c u l t u r e ) .  PM d e p r e s s i o n  a p p e a r s  t o  c o r r e l a t e  w i t h  pond t e m p e r a t u r e ,  w i t h  a 
g r e a t e r  d e c r e a s e  i n  e f f i c i e n c y  o c c u r r i n g  d u r i n g  warmest a f t e r n o o n s .  

Table  4-10. Spl i t -Day P r a d u c t i v i t i e s  

1 s t  H a l f  P h o t o s y n t h e s i s  2nd H a l f  P h a t o s y n t h e s i s  

Date T ,  OC IT P ( P I I ~ ) X ~ O ~  iT P ( P / I ~ ) x ~ o ~  

0700 1300 1900 l ang .  p / n 2  g m / m 2  l ang .  gm/n2 gm/m2 
lang .  l a n g .  

" cloudy a f t e r n o o n  
* @ n k i ~ t y d g p f i u g  c u l t u r e .  All o t h e r s  S.  quad,migauda 
x Heated pond 

4-3. L A B O R A T O R Y  TEMPERATURE A N D  D I S S O L V E D  OXYGEN EXPERIMENTS 

Exper iments  were conducted i n  t h e  l a b o r a t o r y  i n  1L Roux + l a s k s  both with 
s t r a i n s  c u l t i v a t e d  o u t d o o r s  and w i t h  s t r a i n s  o f  impor tance  t o  t h e  ASP, In 
t h i s  s e c t i o n ,  t h e  e f f e c t s  o f  temperature and D O  on n e t  p r o d u c t i v i t y  a r e  
d i s c u s s e d .  

Table 4-11 shows c u l t u r e  c o n d i t i o n s  and r e s u l t s  of " c o n t r o l "  exper imen t s .  
R e p r o d u c i b i l i t y  of t h e s e  exper imen t s  was good a s  evidenced b y  t h e  smal l  
s t a n d a r d  d e v i a t i o n s  r e l a t i v e  t o  t h e  means. The r e l a t i v e  y i e l d s  from c u l t u r e s  
i n d o o r s  was s i m i l a r  t o  outdoor  r e s u l t s .  



Tab le  4-11. Roux B o t t l e  C u l t u r e s  - C o n t r o l s  

Organism pC02 blk,mM pH T,OC ~ m ' ~  gm/m2/day E f f  ,% TDS,ppt n  ............................................................................. 
S.quad. 1  5  8.0t .3 30 2  0  13.5i0.5 12.0 0.4 2 

Ank is .  1  20 8.22.3 25 2  5  10.0+1.4 11.3 4.5 6 

I s o c h y s i s  1 5  8.0+.3 25 25 8.0+0.5 9.1 2 8 5 

D o c y s t i s  1  20 8.32.3 30 25 10.0+0.5 11.3 4.5 2 

C h l o r e l l a  3  2-30 7.5-8.2 30 3  5  16.4+0.3 10.3 4.5 3 

F i g u r e  4-1 d e p i c t s  l a b o r a t o r y  r e s u l t s  u s i n g  S .  ggadriiagdg. The r e s u l t s  a r e  
p r e s e n t e d  i n  o r d e r  o f  descend ing p r o d u c t i v i t y  r e l a t i v e  t o  t h e  c o n t r o l .  A t  
0.4 p p t  TDS ( f r e s h w a t e r ) ,  p r o d u c t i v i t y  was h i g h e s t  a t  30°, reduced 207. a t  
25OC, and p r a c t i c a l l y  n i l  a t  35O ( d a t a  n o t  shown: c u l t u r e s  were n o t  
s u s t a i n a b l e  a t  3S°C, c o n s t a n t  t e m p e r a t u r e ) .  DO i n  t h e s e  a i r I C 0 2  grown 
c u l t u r e s  was 100-125% o f  s a t u r a t i n g .  I n c r e a s i n g  s a l i n i t y  t o  4  o r  9 p p t ,  
reduced p r o d u c t i v i t y  15% a t  25OC, and a l s o  l owered  t h e  t e m p e r a t u r e  
optimum. P r o d u c t i v i t y  was reduced ano the r  15% a t  30°c, 4  p p t  r e l a t i v e  t o  
t h e  c o n t r o l .  h g a i n ,  a t  e l e v a t e d  s a l i n i t y  and 3S°C, c u l t i v a t i o n  was n o t  
s u s t a i n a b l e .  Spa rg ing  w i t h  02/C02 b r o u g h t  DO t o  a  l i t t l e  above 500% of  
s a t u r a t i o n .  I t  reduced p r o d u c t i v i t y  over  20% a t  3 0 O ~ ,  0.4 p p t  b u t  had 
l i t t l e  f u r t h e r  a f f e c t  on y i e l d  a t  e l e v a t e d  s a l i n i t y  and 3 0 O ~ .  Thus we can 
summarize by s a y i n g  t h a t  o n l y  s m a l l  e f f e c t s  were measured when s a l i n i t y  was 
i n c r e a s e d  and /o r  DO was h i g h ,  and /o r  t empera tu res  m a i n t a i n e d  between 
25-30°C. The most r e l e v a n t  r e s u l t  i s  t h a t  t h e  s t r a i n  would n o t  grow a t  
35Oc. 

F i g u r e  4 -2  shows r e s u l t s '  f r o m  ChigMglia c u l t u r e s .  The pH e f f e c t s  w i l l  be 
discussed i n  t h e  n e x t  s e c t i o n .  W i th  t h i s  o rgan ism,  DO had a  much g r e a t e r  
e f f e c t ,  r e d u c i n g  p r o d u c t i v i t y  50% d u r i n g  t h e  f i r s t  b a t c h ,  85% d u r i n g  g rowth  
o f  t h e  c u l t u r e  a f t e r  d i l u t i o n ,  and ( d a t a  n o t  shown), k i l l i n g  t h e  c u l t u r e  
t h e r e a f t e r .  However, s w i t c h i n g  back f rom 02 t o  a i r ,  l e d  t o  s w i f t  and 
a lmos t  t o t a l  r e c o v e r y .  F i g u r e  4-3 shows t h e  same r e s u l t s  w i t h  
f lnk js t rgdpssgs.  However, one i m p o r t a n t  d i f f e r e n c e  was t h e  f a i l u r e  o f  t h i s  
s t r a i n  t o  r e c o v e r  when s w i t c h e d  back t o  a i r .  W i th  b o t h  organisms,  p a r t i a l  
b l e a c h i n g  a t  p i g m e n t a t i o n  accompanied g rowth  under p u r e  oxygen. The 
f lnkis trodgpf iuq  f a i l e d  t o  " r e g r e e n "  when s w i t c h e d  back t o  a i r ,  as t h e  
C h l ~ r e l l a  d i d .  

F i g u r e  4-4 shows a  s i m i l a r  expe r imen t  w i t h  G p ~ y g t j ~ .  02 i n h i b i t i o n  o f  
y i e l d  was f a s t e r ,  o c c u r r i n g  t o  g r e a t e r  e x t e n t  d u r i n g  one c y c l e .  T h i s  
o rgan ism grew a t  35OC b u t  n o t  a t  reduced pCO2. 







4 . 4  CONCLUSIDNS 

The s t r a i n s  responded  d i f f e r e n t l y  t o  v a r i o u s  t e m p e r a t u r e  and oxygen 
s t r e s s e s .  5. g y a d r j c a g d a  t o l e r a t e d  h i g h  DO,  b u t  e x h i b i t e d  a t e m p e r a t u r e  
l i m i t  o f  a round  30°C. I n  t h e  o u t d o o r  ponds  i t  grew w e l l  a11 yea r  e x c e p t  
when pond t e m p e r a t u r e s  were h i g h e s t  i n  J u l y  and August  1984. The c h ~ p r ~ ~ ~ a  
t o l e r a t e d  h i g h  t e m p e r a t u r e  (up  t o  40°C i n  o u t d o o r  1.4m2 p o n d s ) ,  was 
i n h i b i t e d  b y  c o n s t a n t l y  h i g h  DO, but r e c o v e r e d  i n  f l u c t u a t i n g  DO r e g i m e s .  
The g g c y s t i p  was g r e a t l y  i n h i b i t e d  b y  DO. I t  was c u l t i v a t a b l e  i n  1.4n2 
ponds (DO = 200X s a t . )  b u t  n o t  i n  100n2 ponds (DO = 500% s a t . ) .  The 
f lqkjgtygdeggug  was a l s o  sensitive t o  DO and e x h i b i t e d  poor  a b i l i t y  t o  r e c o v e r  
[ r e s y n t h e s i z e  p i g m e n t )  when s w i t c h e d  f r o m  s t r e s s e d  t o  n o n - s t r e s s e d  
c o n d i t i o n s .  Its p e r f o r m a n c e  i n  o u t d o o r  g r o w t h  u n i t s  was v a r i a b l e  and s u b j e c t  
t o  u p s e t .  I t  competed p o o r l y ,  

C u l t i v a t i n g  2. g g $ d r i c a y d g  a t  t e m p e r a t u r e s  g r e a t e r  t h a n  30% l e d  t o  an 
a c c u m u l a t i o n  o f  dead c e l l  d e b r i s  i n  t h e  clumpe. T h i e  a c c u m u l a t i o n  o f  
d e t r i t u s ,  wh i ch  i s  known t o  be s u b s t r a t e  f o r  r o t i f e r  g row th ,  a l o n g  w i t h  
h i g h e r  r o t i f e r  a c t i v i t y  a t  i n c r e a s e d  t e m p e r a t u r e s  may e x p l a i n  t h e  lack o f  
r e s i s t a n c e  o f  t h e  2. g g i d ~ i ' g u ~ g  t o  r c t t i f e r  a t t a c k .  The C h i g ~ e l l g  was much 
less e a s i l y  g r a z e d  upon. 

R e s p i r a t i o n  and g r a z i n g  appear  t o  s i g n i f i c a n t l y  l i m i t  n e t  y i e l d  f r o m  some 
a lgae .  H i g h  DO and p h o t o o x i d a t i o n  may a l s o  l i m i t  y i e l d g  i n  mass c u l t u r e .  
S c r e e n i n g  under  f l u c t u a t i n g  c o n d i t i o n s  i n  wh i ch  s t r e s s f u l  c o n d i t i o n s  a r e  
r e a l i s t i c a l l y  t e s t e d  s h o u l d  e l i m i n a t e  s t r a i n s  t h a t  respire t o o  much a t  h i g h  
t e m p e r a t u r e s ,  e x h i b i t  l ow  r e s i s t a n c e  t o  g r a z e r s  ( w h i c h  may b e  r e l a t e d  t o  h i g h  
r e s p i r a t i o n  r a t e s ) ,  o r  a r e  i n h i b i t e d  by  h i g h  DO and l i g h t  l e v e l s .  Many o f  
t h e  p r e - s e l e c t e d  s t r a i n s  t e s t e d  d u r i n g  t h i s  p r o j e c t  d i d  n o t  t o l e r a t e  h i g h  
t e m p e r a t u r e ,  h i g h  DO, a n d / o r  h i g h  l i g h t  i n t e n s i t y .  



SECTION 5.0 

SALINITY, MINERAL COMPOSITION, AND RECYCLING 

5.1 INTRODUCTION 

The m i n e r a l  c o m p o s i t i o n  o f  t h e  medium i s  an i m p o r t a n t  f a c t o r  i n  t e rms  o f  
s p e c i e s  c o m p e t i t i o n  and s u i t a b i l i t y  o f  s t r a i n s  i n  systems i n  wh ich  t h e  
c o m p o s i t i o n  may v a r y  i n  t i m e  and space ( i . e . ,  w e l l  by  w e l l ) .  Seve ra l  o f  t h e  
s t r a i n s  were i n v e s t i g a t e d  f o r  t h e i r  t o l e r a n c e  t o  changes i n  t o t a l  s a l i n i t y  
and i n  c o m p o s i t i o n  o f  m i n e r a l s .  I n  a d d i t i o n  two expe r imen ts  were pe r fo rmed  
w i t h  r e c y c l i n g  o f  c l a r i f i e d  e f f l u e n t s  t o  d e t e c t  an s h o r t - t e r m  e f f e c t s .  One 1 of t h e s e  e x p e r i m e n t s  used hkjsfktodgsfiuz i n  a  1.4m pond i n d o o r s .  The 
o t h e r  used S ,  q u p d ~ i c a g d a  i n  a  200m2 pond ou tdoo rs .  

5.2 TOTAL DISSOLVED SOLIDS TOLERANCE 

quadr i cauda ,  e n k i s t r g d e s m u ~ ,  and I s p c h r y q i g  qa ibqna IUTEX 987) were t e s t e d  
f o r  t o l e r a n c e  t o  d i f f e r e n t  l e v e l s  o f  o v e r a l l  s a l i n i t y .  Each d i s p l a y e d  
t o l e r a n c e  t o  t h e  l e v e l s  t e s t e d ,  however t h i s  d i d  n o t  gua ran tee  a  h i g h  l e v e l  
o f  c o m p e t i t i v e n e s s  a t  each TDS l e v e l .  Fo r  i n s t a n c e ,  i t  was d i f f i c u l t  t o  
c u l t u r e  lggghryssg i n  open, 1.4m2 t a n k s  a t  7 p p t  TDS due t o  t h e  r a p i d  
i n v a s i o n  by f i g k i q f r g d q q ~ g s .  Of cou rse  t h e  l ow  p r o d u c t i v i t y  o f  I p p c h r y s j s  
even a t  28 p p t  would r e s u l t  i n  a  s a l t w a t e r  s t r a i n  t a k i n g  over  i n  i n t e n s i v e  
open c u l t u r e .  

Tab le  5-1 shows mass c u l t u r e  r e s u l t 5  f rom 2.  qgqgri-qgga and enkigfrpggdmg3 
c u l t u r e s  d u r i n g  t h e  s p r i n g  o f  1984. The S~gf igdepgus grew about  as w e l l  a t  
TDS 4.0 as i n  f r e s h w a t e r ,  and somewhat l e s s  w e l l  a t  8.5 p p t .  As was shown i n  
S e c t i o n  4.0, however, i t s  h i g h  t e m p e r a t u r e  t o l e r a n c e  decreased as s a l i n i t y  
i nc reased .  T h i s  was ev idenced i n  t h e  ou tdoo r  work by t h e  o r d e r  i n  which 
c u l t u r e  p r o d u c t i v i t y  decreased w i t h  t i m e ,  l e a d i n g  t o  subsequent l o s s  o f  t h e  
c u l t u r e .  As summer a r r i v e d ,  f i r s t  t h e  8.5 p p t  c u l t u r e  d i e d ,  t h e n  t h e  4.0 p p t  
c u l t u r e  and t h e n  t h e  f r e s h w a t e r  c u l t u r e .  The !nkfgtrgdggmup grew as w e l l  a t  
4.0 p p t  as 8.5 p p t ,  b u t  c o u l d  n o t  outcompete t h e  Sgqfigdggmgg a t  e i t h e r .  I t  
t o o k  over  b o t h  finksgflodgggg? c u l t u r e s  w i t h i n  f o u r  weeks. 

S a l i n i t y  t o l e r a n c e  o f  I~och~y~s~ i s  shown i n  Tab le  5-2AB. n  r e p r e s e n t s  t h e  
number o f  s e q u e n t i a l  ba tches .  A t  a l l  TDS l e v e l s ,  p h o t o s y n t h e t i c  e f f i c i e n c y  
dropped as i r r a d i a n c e  i nc reased .  The c l o s e d ,  axen ic  1L c u l t u r e s  were 
r e l a t i v e l y  easy t o  keep go ing .  However, l a g  t i m e s  upon r e i n o c u l a t i o n  o f  each 
s u c c e s s i v e  b a t c h  were l o n g  u n l e s s  i n i t i a l  d e n s i t i e s  were k e p t  h i g h  0 2 5 0  
ppm). The open, 1.4m2 ponds were v e r y  d i f f i c u l t  t o  o p e r a t e  due t o  l a g s ,  
e r r a t i c  g rowth ,  and c o n t a m i n a t i o n .  



T a b l e  5-1 .  P r o d u c t i v i t y  and T D S  - 100-200m2 P o n d s ,  1 9 8 4  

Month Organ ism 0.4 p p t  4 . 0  p p t  8 . 5  p p t  

March Scenedesmus 

Clpr i 1 Scenedesmus 15 
b n k i s t i s t r a d e s m u s  I) 

Hay Scenedesmus 20 1  b 13 

T a b l e  5-2A. l s o c h r y s i ~  P r o d u c t i v i t y  and TDS - 1.4m2 Ponds 

IDS A v e r .  P r o d .  E f f .  Max . P r o d ,  Max. D e n s i t y  
gn/n2 /dry  % Vi5 g m / m 2 / d a y  P Prn 

-----------------------------------------------*--------------- 

n  = 2 20 6 . 3 2  .8 2 . 8  l t i m  i 550 

n = 2  7 6 . 9 t 1 . 7  3 . 0  9 . 8 t U . 4  700 

I. = 125 w m W 2  = 125 Lanqleys/day, L:D:112:12 

T a b l e  5-20. 1 : ~ c h y y s i s  P r o d u c t i v i t y  and TDS - I L  C u l t u r e s  

TDE P r o d .  tSD E f f .  I u  
g n / r 2 / d a y  % v i s  w m m 2  

L - - - - - - L " I I I - - - - - - - - - - - - - - - - - - - - - - - - - - o - - - - - - - - - - - - - " ~ - ~ - - " - ~ ~ - v " - - - ~ - -  

n = 9  28 8 . 6 + 1 . 4  9 . 1  25 
n = 7  2 1 8 . 3 + 2 . 1  0 . 8  25 
n = ?  7 5 . 8 t o . 9  6 . 1  25 



The maximum d e n s i t y  t h a t  1.4m2 pond c u l t u r e s  o f  h g c h r y g j q  reached was l e s s  
t h a n  t h a t  o f  o t h e r  a l g a e  grown under  s i m i l a r  c o n d i t i o n s ,  Data  were t a k e n  t o  
measure l o s s  o f  b iomass d u r i n g  t h e  t w e l v e  hour  da rk  p e r i o d ,  and e x c r e t i o n  o f  
p r o d u c t s  i n t o  t h e  medium. Tab le  5-3 shows t h e s e  d a t a  f rom an hgchyyqsg 
c u l t u r e  (28  p p t  TDS, 125 i l l u m i n a t i o n ) ,  and an fiqkrgtrigdgqmys c u l t u r e  
f o r  compar ison.  Bo th  n i g h t t i m e  r e s p i r a t i o n  and e x c r e t i o n  o f  m e t a b o l i c  
p r o d u c t s  were much g r e a t e r  i n  t h e  1. gg lbpng  c u l t u r e .  Bo th  c u l t u r e s  were 
grown under N - s u f f i c i e n t  c o n d i t i o n s .  When p a r t i c u l a t e  b iomass ( a s h - f r e e )  o f  
1- q g l b a ~ g  reached 400 ppm, t h e  d i s s o l v e d  l e v e l s  o f  p r o t e i n ,  CHO and T O A  
( t o t a l  o r g a n i c  a c i d s )  a l l  t o g e t h e r  were more t h a n  40% o f  t h a t .  D u r i n g  t h i s  
t i m e ,  a l o n g  w i t h  p r o d u c t i o n  o f  100 pprn o f  p a r t i c u l a t e  b iomass,  a lmos t  60 pprn 
o f  c a r b o h y d r a t e  and o r g a n i c  a c i d s  were e x c r e t e d  i n t o  t h e  medium. As shown i n  
Tab le  5-3, no measurab le  p r o t e i n  was e x c r e t e d  by e i t h e r  organism. A l though  
e x t r a c e l l u l a r  l e v e l s  o f  c a r b o h y d r a t e ,  p roduced by 1, qg lbana c o n s t a n t l y  
i n c r e a s e d ,  o r g a n i c  a c i d  l e v e l s  i n c r e a s e d  and decreased w i t h  t ime .  

Tab le  5-3. Losses From 1.4 m 2  Pond C u l t u r e s  

, f i e h j s t ~ o g g s z u g  --- I. qalbar ia --- 
(125 w m m 2 )  (125 ~ m ' ~ )  ......................................................................... 

P r o d u c t i o n  d u r i n g  l i g h t  p e r i o d  16.2 4.7 
Loss  d u r i n g  da rk  p e r i o d *  -3.6 -2.2 
Net 24 h r  p r o d u c t i o n *  12.6 2.5 
Biomass d e n s i t y ,  VSS ppm 600 400 
D i s s o l v e d  p r o t e i n ,  ppm 0  0  
D i s s o l v e d  CHO, ppm 2 6 0 
D i s s o l v e d  o r g a n i c  a c i d s ,  ppm 2-30 90-1 15 

TOA/Biomass 0.01 0.40 
CHO/Biomass 0.01 0.20 
P r o t e i n / B i o m a s s  0 0  

5.3 MEDIUM COMPOSITION AND CULTURE REQUIREMENTS FOR hNKISTRODESMUS 

The f igkiqfrpdeq!ys s t r a i n  was grown i n  1.4 m2 t a n k s  t o  d e t e r m i n e  t h e  
r e q u i r e m e n t s  f o r  adequate g rowth  and t h u s  t h e  c o s t  - p r o d u c t i v i t y  t r a d e - o f f s  
f o r  media c o n s t i t u e n t s .  The d a t a  o b t a i n e d  i n d i c a t e s  t h a t  expens i ve  media 
i n c l u s i o n s ,  such as t r a c e  m e t a l s ,  EDTA, and a l k a l i n i t y  need n o t  be added i n  
l a r g e  amounts. Indeed t r a c e  r e q u i r e m e n t s  can be s u p p l i e d  by t h e  water  
r e s o u r c e ,  EDTA i s  necessa ry  i n  o n l y  s m a l l  amounts ( (10  uM) o r  n o t  a t  a l l ,  and 
a l k a l i n i t y  t o l e r a n c e  i s  b road  ( a t  l e a s t  5-20 m M ) .  Problems were encountered 
i n  a t t e m p t i n g  t o  s t u d y  l o n g - t e r m  g rowth  o f  t h i s  organism: as semi -batch  
c u l t i v a t i o n  endured t h e  c u l t u r e  degenera ted,  l o s i n g  i t s  p r o d u c t i v i t y  and 
c o m p e t i t i v e n e s s  and as l i g h t  i n t e n s i t y  was r a i s e d  t o  40% s o l a r ,  t h i s  
d e t e r i o r a t i o n  a c c e l e r a t e d .  



I h e  f i r s t  s e r i e s  a f  e x p e r i m e n t s  compared g r o w t h  a t  ~ e v e r a l  l i g h t  i n t e n s i t i e s  
and pH reg imes .  T a b l e  5-4 shows p r o d u c t i v i t y  d a t a  v r .  l i g h t  i n p u t  and pH f o r  
h e a l t h y ,  d i s p e r s e d  c u l t u r e s ,  From t h e  t a b l e  i t  i s  e v i d e n t  t h a t  c u l t i v a t i o n  
a t  pH 7 r e s u l t e d  i n  t h e  h i g h e s t  p r o d u c t i v i t y .  H ~ w e v e r  c y c l i n g  pH between 
6 . 5 - 9 . 5  was n e a r l y  a5  s a t i s f a c t o r y ,  P r o d u c t i v i t y  was l o w e r  a t  pH 0.7. 
F i g u r e  5-1 i l l u s t r a t e s  p r o d u c t i v i t y  vs. l i g h t  i n p u t  f o r  h e a l t h y ,  d i s p e r s e d  
c u l t u r e s  a t  o p t i m a l  pH and a t  t e m p e r a t u r e s  e q u a l  t o  2 6 t 2 O ~ .  The ave rage  
p r o d u c t i v i t i e s  (ave raged  ove r  t h e  e n t i r e  b a t c h  c y c l e )  show t h e  s a t u r a t i o n  
t h a t  wou ld  be  e x p e c t e d  i n  a t u r b u l e n t ,  b u t  n o t  i n t e n s e l y  m ixed  sys tem ( m i x i n g  
speed a p p r o x i m a t e l y  45 cm/sec,  1.5 f p s ) ,  Maximal  p r o d u c t i v i t i e s  ( a v e r a g e s  o f  
t h e  maximal  p r o d u c t i o n  o f  each b a t c h )  show t h i s  t o  a l e s s e r  e x t e n t  w i t h  
b a s i c a l l y  a  s t e e p e r  l i n e a r  i n c r e a s e  a t  l o w  l i g h t  vs,  h i g h  l i g h t .  T h i s  
l e v e l i n g  o f  p r o d u c t i v i t y  vs .  l i g h t  i n p u t  became v e r y  p ronounced f o r  b o t h  
ave rage  and maximum p r o d u c t i v i t y  as t h e  i r r a d i a n c e  was i n c r e a s e d  above 200 
urnm2. I n  a d d i t i o n ,  c lumped @fikigirgdg:nug c e l l s  competed v e r y  p o o r l y  w i t h  
c o n t a m i n a n t s  a t  t h e  h i g h e r  l i g h t  i n t e n s i t y ,  T a b l e  5-5 shows p r o d u c t i v i t y  
d a t a  a5 a f u n c t i o n  o f  media c o m p o s i t i o n ,  L o w e r i n g  E D T 4  t o  13 uM l . 2  mole 
E D T A  : 1  mole  F e )  f r o m  130 uM ( 2  mole EDTA : f male Fe)  had l i t t l e  e f f e c t .  
I t  m i g h t  n o t  b e  e x p e c t e d  t h a t  such  a s h o r t - t e r m  l a w e r i n g  ( 1  s e q u e n t i a l  b a t c h )  
wou ld  have much e f f e c t  on a v a i l a b i l i t y  o f  t r a c e  m e t a l s ,  b u t  even o v e r  t h e  
l o n g - t e r m  ( 5  s e q u e n t i a l  b a t c h e s )  l o w e r i n g  t h e  EDTA d i d  n o t  l o w e r  p r o d u c t i v i t y  
i n  c o n p a r i t i o n  t o  a  l o n g - t e r n  c o n t r o l  ( f a b l e  2-11, S i n c e  i r o n  was nea r  yie ld  
l i m i t i n g  l e v e l s  i n  t h e  medium ( 4  ppm as Fe f o r  1500 ppm b i o m a s s ) ,  even 
s h o r t - t e r m  r e d u c t i o n  i n  EDTA, i f  i m p o r t a n t ,  s h o u l d  have had an e f f e c t .  

T a b l e  5-4. t i g h t  i n t e n s i t y  - pH: f i n k i z t r g d g g g ~ g  

n  L a n g l e y s  Avg Avg . Avg . Max. 
Prod.  E f f .  P r o d .  PH M e d i a  Cond. 

----------------cc------------------------------------------------------------- 

4 00 60 1 2 ( 1 0 )  8.2 1 4 ( 1 2 )  6.5-9.5 Basa l  D 
3 80 60 8 ( 7 )  5.5  1 4 ( 1 2 )  8 .7  Basa l  D 
4 120 100 l b ( 1 4 )  7.3 23(20) 6 3 - 9 3  Basa l  D 
1 120 100 19(161 8.7 23 ( 2 0 )  7.1, Basa l  D 
4 120 100 1 4 ( 1 2 )  6.4 1 9 ( 1 6 )  8 . 7  Basal  D 
2 125 125 15 6.6 20 7.0 B a s a l +  80% D 
2 175 175 20 5.5 30 7.0 Basal  D 
1 225 225 20 4 . 7  25 7.0 Basa l+  D 

See T a b l e  5-5 f o r  media used. D n d i s p e r s e d .  
Va lues  i n  ( ) were n o r m a l i z e d  f r o m  L:D c y c l e  of 14:10  t o  12:U 





T a b l e  5-5.  finkistrodesmus: Medium Composition Experiments 

Sequen. Lang./day Ave.Prod. f i ve .€+  f .  M a x .  Prod, Culture 
Batch ( ~ m - ~ )  gm/m2/day X vis gm/m2/day Medi um ~ o n d i  ti on*  

11---1-------------~--~----------111111111111111----------0~~---111--111-----"---"----~--~ 

EDT4 Experiments ............................................................................ 
Initial: Control: 

1 175 20 6 . 2  30 125um Na2EDTA D 
1 175 20 6 . 2  28 i3uM NazEDTA 

Long-term: Control : 
2-6 175 14.2 4.4 20.0 125uM 75XC 
2-6 175 13.b 4.3 17.4 13uM 75%C 

----------_---------------------*------------------------------------------- 

N-Addition Experiments 
-"-------11-----1-1-----------------"--------------------------------------- 

1 175 16 5.0 20 Control 25 
1 175 15 4.7 2 1 Dosed Urea-daily 25 
i 179 12  3 . 0  22 Dosad NO3 daily 25 

I l l l - - C I " " - o I - - - - - l - - - - - - - - - - - - - - - - - - - - - - - " - - - - - m - - " - - - - - - - - - - - - - - - - - - - - - - - -  

TDS Experiments ............................................................................ 
175 15 4.7 25 Control 90XC 
175 15 4.7 2 1 Zx salts, Urea 30%C 
175 12 3.8 2 2  2 8  salts NO3 90XC 

Trace Metals Experiment 

15 b .  6 20 Control D 
14.3 6 . 3  19 10% trace D 
13,O 5.7 17 4X trace D 

*D  = dispersed C + clumped 

Elevating baron and floride levels ( t o  levels in Pyramid L a k e  from which the 
fl~~~~V~[g~~~~g' was isolated) also shcwed no difference from the control. 
Bioassays a l s ~  indicated that l o w  levels of these elements were not 
responsible for culture deterioration. Adding u r e a  incrementally (1-2 R M  p e r  
day) was no better or worse than adding it all a t  once ( 1 0  mM urea-N 
initially). Nitrate could be substituted for urea. Daubling the levels o f  
NaC1, K C 1 ,  CaC12 and M g C l 2  had no short-term effect. Neither did lowering 
only Hg levels. Growth of cells which were obtained from the outdoor ponds  
and thus grown for a prolonged period of time on trace metals available in 
the water  supply only (10-50% o f  lab levels) was as good as controls. 
Reduction of alkalinity levels from 20 mM to 5 mM d i d  not change 
productivity. In the short term firtki-ttygdesgus grew equally well over a 
range of salinity, mineral composition, alkalinity, trace metal and chelator 
concentrations. In addition, growth in outdoor ponds and at low 



light (30 continuous) with and without vitamin supplementation 
indicated that vitamins are not required for productivity up to 20 
gm/m2/day. 

As culture degeneration appeared to be a serious problem, data was obtained 
to document it and bioassays were performed (under low lights in 1 L bottles) 
to determine whether it was reversible. 

Decreases in productivity were associated i n  every instance with cell 
aggregation into clumps. As indicated in Table 5-5, as clumping increased, 
productivities of control cultures decreased. Eventually the cultures 
failed, i.e., productivity declined precipitously and contaminants grew. 
These events became typical, No significant levels of extracellular products 
were measured. 

Table 5-5 (Continued) 

Sequen. Lang./day Ave,Prod. Ave.Eff. Max.Prod. Culture 
Batch l~rn'*) gm/m2/day 7. vis gmlm2/day Medium ~ o n d i  tion" .............................................................................. 

Alkalinity Experiments .............................................................................. 
1-2 125 15 6.6 20 20mH A l k  (Control D 
1-2 125 15.6 6.8 2 1 5mM A l k  D 
1 125 13.3 5.8 15 1.5mM A l k  .............................................................................. 

H i g h  Light Intensity Experiments .............................................................................. 
1 225 18.6 4.5 23.5 5mM A l k  (Control) Good 
2 225 13 3.2 2 1 5mM A l k  Bleaching 
3 225 Dead --- 5mM A l k  

1 225 14.4 3.5 2 3 10mM A l k  (Control) Good 
2 225 16.3 4.0 2 2 10mN Fllk Bleaching 

Clumping, 
Debris 

3 225 Dead 10mM A l k  .............................................................................. 
Magnesium Experiments .............................................................................. 

1 225 16 3.9 24.4 lOmM A l k ,  G O O ~  
0.5mM M g  

2 225 14.3 3.5 22.6 l0mM A l k ,  Bleaching 
0.5mM M g  Clumping , 

Debt i s 
3 225 D y i n g  --- l0mM A l k ,  

0.5mM Mg 



4 new culture of the f i ek iz trgggg!g~ ,  was obtained tfrom Dr. W 8  Thomas) and 
grown. I t  was, as before, initially mostly dispersed. Idhen grown at 25 
w m m 2  continuous illumination, the cultures became about 20-30X clumped. 
However, when grown at 150-250 w m a 2  with a 12 hr. light cycle, the cell5 
became more clumped ae the number o f  sequential batches increased, The same 
medium was used in both cases. Thus, it appears  that high light intensity 
may be responsible for deterioration of  the culture, Cultures grown at 225 
w m M 2  deteriorated faster and further than those grown a t  lower light 
intensity ( T a b l e  5-51.  By  t h e  second batch, bleaching was evident and by the 
third batch the cultures were dead, In order to determine i f  a nutrient 
deficiency was also involved in the culture deterioration, bioassays were 
perjormed. The bioassay5 consisted o f  ( 1 )  growing healthy (dispersed) cells 
in basal laboratory medium, outdoor pond water, and clarified liquid from an 
unhealthy pond! 12) growing unhealthy (clumped) cells in the same media; ( 3 )  
spiking the deteriorating culture liquor with several different nutrients; 
and (4) spiking a h e a l t h y  outdoor culture liquor with the samE set of 
nutrients, Detailed results of the bioassays can be found in our Interim 
Report to SERI. To summarize the following conclusions were drawn: ( 1 )  iron 
was not growth-rate limiting in unhealthy indoor pond media, but it was the 
nutrient that first limited yield; ( 2 )  t h e  healthy cells increased themselves 
4-10 fold at similar rates in  all media an d  remained 80% dispersed; ( 3 )  t h e  
unhealthy cells grew as well in all media tested, but remained aggregated! 
( 4 )  no nutrient deficiency was evident from t h e  nutrient-spiking experiments; 
( 5 )  initially dispersed cells farmed clumps during the nutrient bioassays, 
with more clumping evident (90% of the biomass) with added CaC12, but 
increased clumping ( 5 0 % )  under all treatments. Thue, under low light during 
short term assays  ( 7  days), both dispersed and clumped cultures grew the same 
on all media. Furthermore clumping was not found to b e  reversible by a d d i n g  
a n y  particular nutrient, (Basal medium contained 0.25 mH Ca, 1 mM P, 20 mfl 
alkalinity, and pH was 7,2-7.8.) A low light culture was grown with 0.1 mM 
P. I t  clumped as well8 

Although several factors may contribute to culture deterioration, including 
changes in salt balance especially with relation to K C I ,  NaC1, and CaC12, 
photoinhibition appears to be t h e  primary cause.  Deterioration was fastest 
at h i g h  light intensity. Even under low light, very dilute cultures 
exhibited an initial period of pigment bleaching before growth began, 

5 .4  R E C Y C L I N G  CLARIFIED EFFLUENTS 

4 ~ k ~ ~ f r p d g ~ ~ y ~  was grown in t h e  1.4m2 ponds indoors with and without 
recycle of the medium. The pH was kept at 7 . 5 5 3  a n d  the ~llumination was 
diurnal ( 1 2 1 1 2 )  a t  125 W ~ I I - ~ .  The effluent was clarified by centrifugation 
(Sharpies TI, 20,000 rpml, On average 48% o f  the effluent  as returned to 
the pond w i t h  fresh medium used as make-up. The culture volume was adjusted 
f a r  evaporation with distilled water prior to removal of the effluent. 



' l a b l e  5-6 shows p r o d u c t i v i t y  f r o m  t h e  r e c y c l e d  pond and a  c o n t r o l  pond, as a 
f u n c t i o n  o f  s e q u e n t i a l  b a t c h  ( c y c l e )  number. The p r o d u c t i v i t y  i s  shown 
g r a p h i c a l l y  i n  F i g u r e  5-2. As w i t h  a l l  o f  t h e  @ k i : t ~ ~ d g ? g u :  c u l t u r e s ,  
p r o d u c t i v i t y  f r o m  t h e  r e c y c l e  and c o n t r o l  ponds d e c l i n e d  s l o w l y  w i t h  t ime .  

l a b l e  5-6. flnkigtbodeggus Media R e c y c l i n g  

P- 1  P-3 
Average Maxi mum D e n s i t y  f iver  age Maxi mum D e n s i t y  

Prod.  Prod.  Range Prod.  Prod.  Range 
~ y c  1  e  gm/m2/d gm/m2/d P pm gm/m2/d gm/m2/d P P ~  ............................................................................ 

1  2 0  24 660-7 10 2  0 30 160-1300 

E v e n t u a l l y  b o t h  c u l t u r e s  became con tamina ted ,  t h e  r e c y c l e  pond somewhat more 
s l o w l y .  Pond c h a r a c t e r i s t i c s  a r e  shown i n  Tab le  5-7. Even a f t e r  e i g h t  
c y c l e s  o f  r e c y c l i n g ,  l i t t l e  o r g a n i c  m a t t e r  accumulated i n  t h e  medium. 
A l though  t h i s  expe r imen t  l a s t e d  o n l y  f i v e  weeks, a  r e l a t i v e l y  s h o r t  p e r i o d  o f  
t i m e ,  i t  demons t ra tes  t h a t  when e x c r e t i o n  o f  o r g a n i c s  i n t o  t h e  medium i s  
m in ima l ,  r e c y c l i n g  most o f  t h e  c l a r i f i e d  e f f l u e n t s  i s  f e a s i b l e ,  Of course ,  
t h e  organ ism must be, by f a r ,  t h e  most c o m p e t i t i v e  i n  t h e  g i v e n  medium, s i n c e  
more p r a c t i c a l  means o f  h a r v e s t i n g  t h e  b iomass w i l l  l e n d  a  c o m p e t i t i v e  
advantage t o  t h e s e  organ isms wh ich  h a r v e s t  t h e  most p o o r l y .  

An e f f l u e n t  r e c y c l e  expe r imen t  was per fo rmed w i t h  a  mass c u l t u r e  o f  
S ~ e ~ e d e g g u g  f o r  s i x  weeks d u r i n g  June -Ju l y  1984. The expe r imen t  was 
t e r m i n a t e d  when t h i s  s p e c i e s  f a i l e d  t o  grow, i n  non - recyc led  ponds as w e l l ,  
d u r i n g  J u l y .  



I n  t h i s  e x p e r i m e n t ,  p o n d  e f f l u e n t s  w e r e  c l a r i f i e d  v i a  s e d i m e n t a t i o n  i n  2m 
deep s e t t l i n g  ponds .  T h i s  c o u l d  b e  done  b e c a u s e  o f  t h e  l a r g e  s i z e  o f  t h e  
f l o c s  ( 1 - 2  m m )  f o r m e d  i n  t h e  g r o w t h  ponds .  S e t t l i n g  pond5  w e r e  f i l l e d  b y  
g r a v i t y  S l o w  f r o m  t h e  g r o w t h  pond .  T h i s  t o o k  a b o u t  2 h r s ,  S e d i m e n t a t i o n  
t i m e s  v a r i e d  f r o m  b t o  12 h r s .  C l a r i f i e d  s u p e r n a t e n t s  w e r e  pumped b a c k  t o  
t h e  g r o w t h  p o n d  u s i n g  a f l o a t i n g  i n t a k e .  The s e t t l e d  b i o m a s s  c o m p a c t e d  w e l l  
enough  t o  a l l o w  r e t u r n  o f  a b o u t  ? O X  o f  t h e  e f f l u l e n t .  F r e s h  medium was 

T a b l e  5-7 .  M e d i a  R e c y c l e  D i s s o l v e d  S p e c i e s  

S t a r t  F i n i s h  
( 12 -6 -03 )  (1-13-841 U n i t 5  

A 1  k a l i n i  t y  20 23 mM 

Hardness  400 200 ppm CaC03 

CHD 0 14 ppm G l u c o s e  e q u i v .  

P r o t e i n  

T D A  

14 ppm F o l i n - L o w r y  USA 
e q u i  v ,  --- 

u s e d  t o  make up t h e  d i f f e r e n c e .  I r r i g a t i o n  w a t e r ,  w i t h o u t  m i n e r a l  
s u p p l e m e n t a t i o n ,  was used f o r  e v a p o r a t i v e  make up  w a t e r .  U r e a ,  p h o s p h a t e ,  
and i r o n  w e r e  added  t o  r e p l e n i s h  n u t r i e n t s  t a k e n  up  b y  a l g a l  h i o m a s s  
p r o d u c t i o n .  The o p e r a t i o n a l  d a t a ,  p r o d u c t i v i t y ,  h a r v e s t e d  w e i g h t ,  and  
e + f i c i e n c i e s  o f  h a r v e s t  a r e  shown i n  T a b l e  5-8. C l a r i f i c a t i o n  e f f i c i e n c y  was 
d e t e r m i n e d  b y  c o m p o s i t i n g  t h e  e f f l u e n t  r e c y c l e d ,  m e a s u r i n g  hFDW and d i v i d i n g  
by pond 4FDW. S l u r r y  d e n s i t y  was c a l c u l a t e d  f r o m  t h e  b i o m a s s  d i f f e r e n c e s  
b e t w e e n  s e t t l i n g  p o n d  i n p u t  and o u t p u t  and t h e  v o l u m e  l e f t  i n  t h e  s e t t l i n g  
pond,  The c u l t u r e  showed n o  s i g n s  o f  c o n t a m i n a t i o n  d u r i n g  t h e  e x p e r i m e n t .  
However ,  as p o i n t e d  o u t  above ,  u n l e s s  t h e  method  o f  s e p a r a t i n g  c e l l s  f r o m  t h e  
medium i s  u n i v e r s a l l y  e f f i c i e n t ,  o r g a n i s m s  which a r e  m o d e r a t e l y  c o m p e t i t i v e  
b u t  n o t  h a r v e s t a b l e  w o u l d  b e  e x p e c t e d  t o  d o m i n a t e  o v e r  t h e  l o n g  t e r m .  

5 . 5  CONCLUSIONS 

H o s t  o f  t h e  o r g a n i s m s  t e s t e d  e x h i b i t e d  b r o a d  t o l e r a n c e  t o  changes i n  t o t a l  
s a l i n i t y  and m i n e r a l  c o m p o s i t i o n .  A l t h o u g h  t h e  c h e m i c a l  c o m p o s i t i o n  of  t h e  
medium e x e r t s  a  strong g e n e r a l  s e l e c t i o n  p r e s s u r e ,  i t  a p p e a r s  t h a t  a number 
o f  s t r a i n s  can g r o w  w e l l  o v e r  n o n - e x o t i c  ranges  o f  c o m p c s i t i o n .  Thus t h e  
maJor  s e l e c t i o n  f o r c e s ,  i n  a g i v e n  g e n e r a l  medium, w i l l  b e  t h o s e  c o n d i t i o n s ,  
and c h a n g i n g  c o n d i t i o n s  o f  c l i m a t i c  i n p u t s  and s t r e s s e s  d e v e l o p e d  u n d e r  
i n t e n s i v e  c u l t i v a t i o n  c o n d i t i o n s .  



T a b l e  5-8.  3 .  g g a d ~ i g a g d a  Biomass  H a r v e s t - - E f f l u e n t  R e c y c l e  

200 m Z  Pond 

H a r v .  Sed. E f f l .  Evap. Ave. Harv .  
Harv .  E f f .  T ime Dens. Blowdown l o s s  TDS Hd A l k  Prod .  w t .  

C y c l e  D a t e  % h r s ,  ppm 7, % ppm ppm mM gm/m2/d Kg ............................................................................. 
0 5 / 2 7  99 9 9 12  2 2 - - -- -- 2  0 25.1 

* R o t i f e r  b loom,  pH r a i s e d  f r o m  8.3 t o  9.3 

TDS, Hd, A l k  - i n i t i a l  v a l u e s  f o r  s u c c e e d i n g  c y c l e  

Hd - ppm as  CaC03 

The r e c y c l i n g  e x p e r i m e n t s  d i d  n o t  show any  d e l e t e r i o u s  s h o r t - t e r m  e f f e c t s  l i k e  
t h e  f a s t  b u i l d - u p  o f  a u t o i n h i b i t o r s ,  And no  u n u s u a l  p r o b l e m s  o f  c o n t a m i n a t i o n  
were e n c o u n t e r e d .  However ,  t h e s e  k i n d s  o f  q u e s t i o n s  can  o n l y  be  answered w i t h  
a s s u r a n c e  f r o m  much l o n g e r  s c a l e  t e s t s .  The c o n t a m i n a t i o n  p r o b l e m s  w i l l  be  
c l o s e l y  t i e d  t o  t h e  h a r v e s t i n g  t e c h n i q u e .  



SECTION 6.0 

M I X I N G  VELOCITY EXPERIMENTS 

6 . 1  INTRODUCTION 

N i x i n g  i s i  a  c r i t i c a l  c o s t  c e n t e r  o f  any h y d r a u l i c  s y a t e n .  The p r o v i s i o n  f o r  
8omr movrmrnt o f  t h e  r l g n l  a u a p r n o i o n  i a  s n a e l r s i t y  i n  ardgr  t e  t r k s  
a d v a n t a g e  o f  t h e  c o s t  s a v i n g s  o b t a i n e d  b y  l i m i t i n g  t h e  number o f  p a i n t s  o f  
n u t r i e n t  i n p u t  and p r o d u c t  r e c o v e r y ,  M i x i n g  h a s  a l s o  been i m p l i c a t e d  a 5  a 
d e t e r m i n a n t  o f  p h o t o s y n t h e t i c  p r o d u c t i v i t y .  Thus t h e  m a j o r  q u e s t i o n  i 5  how 
l o w  c a n  m i x i n g  power  b e  b e f o r e  p r o d u c t i v i t y  i s  i m p a c t e d ,  o r  more p r e c i s e l y  
what  is t h e  op t imum o f  t h e  m i x i n g  p o w e r - p r o d u c t i v i t y  r e l a t i o n s h i p ,  I n  t h i s  
s e c t i o n  t h e  r e l a t i o n s h i p  b e t w e e n  r a n d o m i z e d ,  t u r b u l e n t  m i x i n g  and  b i o m a s s  
p r o d u c t i v i t y  i s  d i s c u s s e d .  F i r s t  t h e  m e t h o d s  u s e d  t o  measure c h a n n e l  
v e l o c i t y  and pawer  i n p u t  a r e  p r e s e n t e d  a l o n g  w i t h  t h e  r e s u l t s  f r o m  t h e  
e x p e r i m e n t a l  ponds.  Then m i x i n g  speed e x p e r i m e n t s  u s i n g  g g e n g d g g ~ u s  and 
C h i g r e l l g  a r e  d i s c u s s e d .  F i n a l l y  t h e  r e s u l t s  o f  m i x i n g  v s  g a s  t r a n s f e r  
t h r o u g h  t h e  s u r f a c e  a r e  p r e s e n t e d ,  

6 . 2  METHODS 

The t o t a l  power  r e q u i r e d  t o  m i x  a  pond  a t  a g i v e n  v e l o c i t y  was d e t e r m i n e d  b y  
m e a s u r i n g  b o t h  t h e  v o l t a g e  and c u r r e n t  t o  t h e  D C  g e a r m o t o r  ( B a d i n e  # 1 8 5 ,  1 / 4  
hp ,  6O:l) w h i c h  d r i v e s  t h e  p a d d l e  whee l ,  F o r  a  g i v e n  speed s e t t i n g ,  t h e  D C  
m o t o r  c o n t r o l l e r  p r o v i d e s  an a l m o s t  c o n s t a n t  v o l t a g e  t o  t h e  m a t o r ' s  a r m a t u r e ,  
v i a  i t s  f e e d b a c k  c i r c u i t r y .  The a r m a t u r e  c u r r e n t  v a r i e s  d i r e c t l y  w i t h  m o t o r  
t o r q u e ,  The p r o d u c t  o f  v o l t a g e  and c u r r e n t  r e p r e s e n t s  t h e  power  i n t o  t h e  
m o t o r ,  w h i l e  t h e  p r o d u c t  o f  speed  and t o r q u e  r e p r e s e n t s  t h e  power  o u t  o f  t h e  
m o t o r ,  w h i c h  i s  t r a n s m i t t e d  t h r o u g h  t h e  g e a r t r a i n  t o  t h e  p a d d l e  s h a f t .  The 
l o a d  ( t o r q u e )  an t h e  m o t o r ,  e s p e c i a l l y  a t  h i g h e r  n i x i n g  s p e e d s ,  i s  n o t  
c o n s t a n t ,  but f l u c t u a t e s  six t i m e s  f o r  each p a d d l e  r e v o l u t i o n  as e a c h  o f  t h e  
s i x  p a d d l e  b l a d e s  l i f t s  a  new s l u g  o f  w a t e r .  The f l u c t u a t i n g  c u r r e n t  was 
measured w i t h  a c h a r t  r e c o r d e r ,  w h i c h  m o n i t o r e d  t h e  v o l t a g e  a c r o s s  t h e  0.1 
ohm r e s i s t o r  p l a c e d  i n  s e r i e s  w i t h  t h e  m o t o r s  a r m a t u r e .  (The  l o a d  
r e p r e s e n t e d  b y  t h e  r e s i s t o r  was i n  a l l  c a s e s  l e s s  t h a n  1% o f  t h e  m o t o r  
l o a d , )  The a v e r a g e  c u r r e n t  was l a t e r  d e t e r m i n e d  f r o m  t h e  c h a r t  r e c o r d i n g s  b y  
g r a p h i c a l  means, The f u l l  a r m a t u r e  v o l t a g e  was measured s i m u l t a n e o u ~ l y  w i t h  
a Beckman Tech 330 v o l t m e t e r ,  w h i c h  measures  t h e  t r u e  RMS v a l u e  o f  t h e  
v o l t a g e .  T h i s  was i m p o r t a n t  s i n c e  DC m o t o r  c o n t r o l l e r s  p u t  o u t  a 
n o n - s i n u s o i d a l  wave fo rm t e s p e c i a l l y  a t  l o w  s p e e d s )  w h i c h  a r e  measured 
i n c o r r e c t l y  on non-RMS t y p e  m e t e r s .  

The t o t a l  power  is u s e f u l  i n  c a l c u l a t i n g  t h e  o v e r a l l  m i x i n g  e f f i c i e n c y ,  b u t  
s u c h  an e f f i c i e n c y  is s t r a n g l y  dependen t  on t h e  g e a r m o t o r  c h a r a c t e r i s t i c s .  
S m a l l  g e a r m o t o r s  a r e  q u i t e  i n e f f i c i e n t ,  s o  t h e  o v e r a l l  m i x i n g  e f f i c i e n c i e s  
c a l c u l a t e d  w i l l  n o t  b e  r e p r e s e n t a t i v e  o f  what  c a n  b e  a c h i e v e d  on  a l a r g e r  



s c a l e .  I f  t h e  a c t u a l  p a d d l e  wheel s h a f t  power were known, t h e n  " p a d d l e  
e f f i c i e n c i e s "  c o u l d  be c a l c u l a t e d .  Such a  number would be a  q u i t e  u s e f u l  
d e s i g n  t o o l .  Two approaches were t a k e n  i n  e s t i m a t i n g  t h e  "Net  S h a f t  Power." 
The f i r s t  was t o  s i m p l y  c a l c u l a t e  an e f f i c i e n c y  f o r  t h e  gearmotor  (motor  p l u s  
speed r e d u c e r )  f r om t h e  m a n u f a c t u r e r ' s  namepla te  da ta .  S t r i c t l y  speak ing ,  
such a  v a l u e  a p p l i e s  o n l y  a t  f u l l  l o a d ,  and g e n e r a l l y  d e c l i n e s  a t  p a r t i a l  
l oad .  The second approach was t o  measure t h e  power under "no - l oad"  
c o n d i t i o n s ,  i . e . ,  i n  an empty pond, and t o  s u b t r a c t  t h i s  f r o m  t h e  power 
measured under a  l oad .  A compar ison o f  t h e s e  two methods f o r  c a l c u l a t i n g  n e t  
s h a f t  power i s  shown i n  F i g u r e  6-1, f o r  p a d d l e  wheel speeds r a n g i n g  f rom 4.3 
t o  0.3 rpm, which co r responds  t o  v e l o c i t i e s  o f  15 t o  33 cm/sec. 

S i n c e  t h e  two agree f a i r l y  w e l l ,  and s i n c e  t h e  fo rmer  method t e n d s  t o  
o v e r e s t i m a t e  n e t  s h a f t  power a t  l ower  speeds, t h e  l a t t e r  approach ( u s i n g  
" n o - l o a d "  power)  was used i n  subsequent  c a l c u l a t i o n s .  A p l o t  o f  no - l oad  
power VS.  p a d d l e  wheel speed f o r  t h e  100 m 2  pond i s  shown i n  F i g u r e  6-2. 

V e l o c i t y  measurements were t a k e n  w i t h  a  N ixon  I n s t r u m e n t a t i o n  L t d .  Steamf low 
#442 meter equ ipped w i t h  a  low speed probe.  The p robe  c o n s i s t s  o f  a  v e r y  
s m a l l  1'5 am) p r o p e l l e r  wh ich  t u r n s  on a  l o w - f r i c t i o n  s p i n d l e .  The m o t i o n  o f  
each p r o p e l l e r  b l a d e  p a s t  a  sensor c r e a t e s  an impedance change which i s  
d e t e c t e d  e l e c t r o n i c a l l y .  The p u l s e  f requency  i s  averaged over  10 seconds and 
d i s p l a y e d .  Readings were l a t e r  c o n v e r t e d  t o  v e l o c i t i e s  u s i n g  t h e  c a l i b r a t i o n  
c h a r t  s u p p l i l e d .  (The r e l a t i o n  i s  l i n e a r  f o r  v e l o c i t i e s  g r e a t e r  t h a n  5 
cmfsec.)  The measurements were taken  a t  t h e  f a r  end o f  t h e  pond, r i g h t  
b e f o r e  t h e  f i r s t  bend, i n  t h e  c e n t e r  o f  t h e  channe l .  I t  had been found 
p r e v i o u s l y  t h a t  t h i s  p o i n t  was r e p r e s e n t a t i v e  o f  t h e  average v e l o c i t y  i n  t h e  
channe l .  Readings were made a t  t h e  bot tom,  m i d d l e ,  and t o p  o f  t h e  water  
column, and g e n e r a l l y  i n c r e a s e d  w i t h  d i s t a n c e  f rom t h e  bo t tom as expected i n  
open channe l  f l o w .  A l though  some f o u l i n g  d i f f i c u l t i e s  were encountered,  
e s p e c i a l l y  a t  v e l o c i t i e s  be low 15 cm/sec, per fo rmance was, f o r  t h e  most p a r t ,  
s a t i s f a c t o r y  I t h e  i n s t r u m e n t  i s  des igned f o r  f r e s h  w a t e r ) .  F o u l i n g  was 
a lways accompanied by an a b r u p t  d rop i n  p u l s e  f requency ,  so i t  d i d  n o t  occur 
unde tec ted .  I n  g e n e r a l ,  t h e  a v a i l a b i l i t y  o f  s u i t a b l e  i n s t r u m e n t s  f o r  use a t  
v e l o c i t i e s  l e s s  t h a n  30 cmfsec i n  s h a l l o w  water  i s  q u i t e  l i m i t e d .  

Given t h e  channe l  v e l o c i t y ,  t h e  t o t a l  f l o w  r a t e  can be c a l c u l a t e d  r e a d i l y ,  
The p r o d u c t  o f  d e n s i t y ,  f l o w  r a t e ,  and head l o s s  i s  t h e  h y d r a u l i c  power, o r  
energy  per  u n i t  t i m e  r e q u i r e d  t o  keep t h e  water  i n  mot ion .  Given t h e  
h y d r a u l i c  power, t o t a l  e f f i c i e n c y ,  p a d d l e  e f f i c i e n c y ,  and e q u i v a l e n t  
roughness can be c a l c u l a t e d .  The t o t a l  head l o s s  i s  t h e  d i f f e r e n c e  i n  water  
l e v e l s  b e f o r e  and a f t e r  t h e  padd le  wheel.  Accu ra te  measurements were 
d i f f i c u l t ,  because t h e  l e v e l s  f l u c t u a t e  ( a g a i n  s i x  t i m e s  pe r  r e v o l u t i o n ) ,  and 
because t h e  head l o s s  i s  q u i t e  s m a l l  a t  l ow  f l o w s .  The t e c h n i q u e  i n v o l v e d  
c lamp ing  r u l e r s  t o  an beam spann ing t h e  channe l ,  b o t h  b e f o r e  and a f t e r  t h e  
p a d d l e  wheel.  W i th  t h e  m i x i n g  o f f ,  t h e  r u l e r s  were a d j u s t e d  t o  a  c o n v e n i e n t  
r e f e r e n c e  l e v e l .  The m i x i n g  was t h e n  t u r n e d  on, and a l l o w e d  t o  come t o  
s teady  s t a t e ,  a t  which p o i n t  t h e  mean d e v i a t i o n s  f r o m  t h e  r e f e r e n c e  l e v e l s  
were de te rm ined  v i s u a l l y  and reco rded .  The d i f f e r e n c e s  were t h e n  averaged t o  
produce a  s i n g l e  f i g u r e .  The p a d d l e  wheel RPM was used as a  measure o f  
channe l  v e l o c i t y ,  s i n c e  t h e  two c o r r e l a t e  q u i t e  w e l l ,  as shown i n  F i g u r e  
6-3. The minimum v e l o c i t y  f o r  wh ich  t h e  t o t a l  head l o s s  c o u l d  be c o n f i d e n t l y  
measured u s i n g  t h i s  t e c h n i q u e  was 15 cm/sec 10.4 cm). 







6 . 3  RESULTS 4ND DISCUSSION 

The power and f l o w  measuremente f o r  t h e  100 m 2  pond are  summarized i n  T a b l e  
6-1 and shown g r a p h i c a l l y  i n  F i g u r e  6-4 ,  T o t a l  power measurements were made 
ove r  t h e  m o t o r ' s  e n t i r e  speed range,  c o r r e s p o n d i n g  t o  channe l  v e l o c i t i e s  o f  
3.8 - 33.1 cm/sec. Va lues  be low 15 cm/sec were t a k e n  a t  a  d i f f e r e n t  t i m e ,  
wh ich  may e x p l a i n  t h e  d i s c o n t i n u i t y  between 4.00 and 4.28 rpm. V e l o c i t i e s  
f o l l o w e d  b y  an "i" a r e  i n t e r p o l a t e d  f r o m  F i g u r e  6-2.  No- load  and n e t  s h a f t  
power a r e  o n l y  listed f o r  v e l o c i t i e s  o f  15 cmlsec  and g r e a t e r ,  Below t h i s ,  
t h e  c a l c u l a t e d  n e t  s h a f t  power approached t h e  p r o b a b l e  e r r o r  i n  t h e  
measurements. P a r t  0 o f  t h e  t a b l e  l i s t s  t h e  v a l u e s  o+ h y d r a u l i c  power 
d e r i v e d  f r om t h e  v e l o c i t y  and head measurements. I t  is i n t e r e s t i n g  t o  n o t e  
t h a t  t h e  h y d r a u l i c  power v a r i e s  as t h e  v e l o c i t y  t o  t h e  2.5 power  (somewhat 
l e s s  t h a n  t h e  3.0 power p r e d i c t e d  by  open channe l  f l o w  e q u a t i o n s ) ,  whereas 
n e t  s h a f t  power i n c r e a s e s  r o u g h l y  a s  t h e  v e l o c i t y  squared.  The d i s c r e p a n c y  
is due i n  p a r t  t o  a d r o p  i n  p a d d l e  e f f i c i e n c y  a t  t h e  l o w e r  speeds,  as shown 
i n  p a r t  C ,  The r e l a t i v e l l y  l a r g e  p a d d l e  c l e a r a n c e s  (2-3 cm) may accoun t  f a r  
t h i s  d e c l i n e .  The t o t a l  e f f i c i e n c y  d ropped even more d r a m a t i c a l l y  a t  l o w e r  
v e l o c i t i e s ,  b u t  t h i a  i s  due p r i m a r i l y  t o  t h e  i n e f f i c i e n c y  o f  t h e  d r i v e t r a i n  
a t  p a r t i a l  l o a d .  A t  33 cm/sec t h e  n o - l o a d  power is 41X o f  t h e  t o t a l  power, 
whereas a t  15 cm/sec,  i t  i s  57%. 

A f i n a l  q u a n t i t y  t h a t  can  be d e r i v e d  f r o m  t h e  measurements i s  an e q u i v a l e n t  
Mann ing ' s  " n "  f o r  open channe l  f l o w ,  wh i ch  i s  a measure o f  channe l  
roughness .  T y p i c a l  v a l u e s  v a r y  f r o m  0,012 f o r  smooth c o n c r e t e  t o  , 0 2 9  f o r  
g r a v e l ,  The g o v e r n i n g  e q u a t i o n  i s :  

where: h ~  = head l o s s ,  m e t e r s  ( T a b l e  6.1) 
V = V e l o c i t y ,  m s e c - I  ( T a b l e  b .  1 )  
n  = M a n n i n g ' s  n, sec m - 0 a 1 6 7  
R = H y d r a u l i c  r a d i u s =  0.17m ( d = 0 . 2 m f  
L = Channel  l e n g t h  = 45 m 

Note:  There  i s  no 1.49 f a c t o r  i n  S I  u n i t s ,  

Two s e t s  o f  n  v a l u e s  c a l c u l a t e d  f r o m  t h i s  e q u a t i o n  a r e  shown i n  T a b l e  6-2, 
I n  t h e  f i r s t ,  t h e  head l o s s e s  a r e  used d i r e c t l y ,  w h i l e  i n  t h e  second, t h e y  
a r e  reduced  by a f a c t o r  o f  ~ ~ / 2 ~  t o  accoun t  f o r  channe l  bend l o s s e s .  T h i s  
v a l u e  was chosen somewhat a r b i t r a r i l y ,  s i n c e  no v a l u e  o f  head l o s s  f o r  sha rp  
bends i n  open channe l  f l o w  c o u l d  be  f ound  i n  a v a i l a b l e  l i t e r a t u r e .  I t  i s  
c o n s i s t e n t  w i t h  l i t e r a t u r e  v a l u e s  f o r  sha rp  bends i n  p i p i n g  systems.  I n  
l a r g e  s c a l e  d e s i g n s ,  where channe l  l e n g t h  t o  w i d t h  r a t i o s  a r e  h i g h ,  t h e  bend 
l o s s e s  w i l l  b e  a s m a l l  p e r c e n t a g e  o f  t h e  t o t a l  head l o s s .  However, t h e  
100m2 ponds have a  l o w  L/W r a t i o  o f  about  0.3/1, and t h e  bend losses 
p r o b a b l y  a r e  a s i g n i f i c a n t  f r a c t i o n .  I n  t h e o r y ,  M a n n i n g ' s  n  i s  n o t  a 
f u n c t i o n  o f  v e l o c i t y ,  w h i l e  t h e  c a l c u l a t e d  v a l u e s  shown i n  T a b l e  6-2 c l e a r l y  
a r e .  The v a l u e  shown f o r  15.0 cm/sec i s  p r o b a b l y  t h e  l e a s t  a c c u r a t e ,  as t h e  
u n c e r t a i n t y  i n  t h e  head l o s s  was a t  i t s  g r e a t e s t .  The v a l u e s  f a l l  w i t h i n  t h o  
e x p e c t e d  r a n g e  f o r  a  p l a s t i c  l i n e d  pond, 



Table 6- I Mix ing Power and Ve loc i t y  Resu l ts  

A. POWER MEASUREMENTS 

Paddl e 
RPM ----- 
1.07 
1.79 
2.45 
3.09 
4.00 
4.28 
5.66 
7.10 
8.33 

Ave Vel 
cm/sec ------- 
3.8 
6.3i 
8.6i 
10.9i 
14. 0i 
15.0 
20.6 
26.9 
33.1 

DC 
V o l t s  ----- 
11.7 
18.5 
24.3 
30.2 
38.2 
42.0 
55.0 
68.0 
82.0 

DC 
Amps ---- 
0.16 
0.19 
0.20 
0.22 
0.28 
0.34 
0.42 
0. 50 
0.60 

Power 
Watts ----- 
1.9 
3.5 
4.9 
6.6 
10.7 
14.3 
23.1 
34.0 
49.2 

Tota l  
Power 

w/sq m ------ 
0.02 
0.04 
0.05 
0.07 
0.11 
0. 14 
0.23 
0.34 
0.49 

+ 
No-load + 

Power + 
w/sq m + -------- + 

+ 
+ 
+ 
+ 
+ 

0.08 + 
0.12 + 
0.16 + 
0.20 + 

Net 
Shaf t  
Power 

w/sq m ------ 

i = i n t e r p o l a t e d  value 
No-Load Power was measured a t  t he  same speed s e t t i n g  i n  an empty pond. 
Net Shaf t  Power = Tota l  Power - (No-Load Power) 

B. FLOW MEASUREMENTS: 
Average ...................... 

Paddl e Head Ve loc i t y  Flow 
RPM cm cm/sec m /sec 

Hydraul i c --------------- 
Power 
wat ts  ----- 
0. 0 1 e 
2.64 
5.80 
10.42 
18.26 

Power 
w/sq m 

0.0001e 
0.026 
0. 058 
0. 104 
0. 183 

Flow i s  ca l cu la ted  from Ve loc i t y  x cross-sect ional  area. 
Hydraul ic  Power i s  ca l cu la ted  from the  measured Head & Flow 
e = ex t rapo la ted  value 

C. EFFICIENCIES Ave Ef f i c i  ency 
V e l o c i t y  --------------- 

cm/sec Tota l  Paddl e ------ ----- --me-- 

15. 0 19% 44% 
20.6 25% 5 1 % 
26.9 31% IZ 9 ~9/. 
33.1 37% 64% 

Tota l  E f f i c i e n c y  = Hydraul ic  Power / Tota l  Power 
Paddle E f f i c i e n c y  = Hydraul ic  Power / Net Shaf t  Power 



T a b l e  6 - 2 .  Roughness  C o e f f i c i e n t  

hve A d j .  Cldj .  
V e l o c i t y  Head P l a n n i n g ' s  Head M a n n i n g ' s  

cm/sec  cm " n " c m 'I n I' ......................................................................... 
15.0 0.44 0 .019  0.29 0 ,016  
2 0 . 6  0.64 0.01B 0 . 4 2  0 , 0 1 0  
26.9 0.07 0,016  0 .50  0 ,016  
3 3 ,  1 1.24 0 ,015  0.62 0.015 

h d j u s t e d  Head = M e a s u r e d  Head - v 2 / z g  ( see  t e x t )  

b s i n g l e  power  and v e l o c i t y  measurement  was made i n  one o f  t h e  200 m 2  
p o n d s .  A t  33 c n / s e c ,  t h e  t o t a l  power  was 96 w a t t s ,  o r  0.48 natts/a2. T h i s  
i s  c o n s i s t e n t  w i t h  t h e  v a l u e  o f  0 .49  w a t t s / m 2  o b t a i n e d  i n  t h e  100 m 2  
pond.  The c o r r e s p o n d i n g  n o - l o a d  power  wa5 n o t  measured .  

A f i n a l  p o i n t  s h o u l d  b e  made w i t h  r e g a r d  t o  t h e  d a t a  i n  t h i s  s e c t i o n .  W h i l e  
t h e  c h a n n e l  v e l o c i t i e s  measured  span  t h e  n o r m a l  r a n g e  f o r  p r a c t i c a l  pond  
o p e r a t i o n ,  t h e  c o r r e s p o n d i n g  h e a d  l o s s e s  a l l  r e f l e c t  t h e  r e l a t i v e l y  s m a l l  
s c a l e  o f  t h e  s y s t e m ,  P r o d u c t i o n  s y s t e m s  w i l l  h a v e  much l a r g e r  L/W ~ a t i o s ,  
w i t h  g r e a t e r  head  l o s s e 9  f o r  a n y  g i v e n  v e l o c i t y .  T h i s  s i t u a t i o n  c o u l d  b e  
s i m u l a t e d  i n  a s m a l l  s c a l e  p o n d  t h r o u g h  t h e  u s e  o f  o b s t a c l e s  w h i c h  i n d u c e  head  
l o s s e s .  W h i l e  such a p r o c e d u r e  w o u l d  i n v a l i d a t e  t h e  M a n n i n g ' s  r o u g h n e s s  
c a l c u l a t i o n s ,  i t  w o u l d  b e  u s e f u l  i n  e v a l u a t i n g  p a d d l e  whee l  p e r f o r m a n c e  a t  
h i g h e r  1 i f  t s .  Any s u c h  s t u d i e s  s h o u l d  a l s o  i n c o r p o r a t e  i m p r o v e d  p a d d l e  wheel 
d e s i g n ,  s u c h  as t h o s e  s u g g e s t e d  b y  Dodd C63. These i n c l u d e  an i n c r e a s e  i n  t h e  
number o f  b l a d e s  and t h e  o f f s e t  o f  a d j a c e n t  p a d d l e  whee l  s e c t i o n s  t o  r e d u c e  
p u l s a t i o n s ,  and a r e d u c t i o n  i n  b a c k f l o w  t h r o u g h  c a r e f u l l y  c o n t r o l l e d  
c l e a r a n c e s  and t h e  use o f  a d e p r e s s i o n  u n d e r  t h e  p a d d l e  wheel .  

6.4 M I X I N G  - PRODUCTIVITY EXPERIMENTS 

THO 100n2 p o n d s  were  o p e r a t e d  a t  d i f f e r e n t  m i x i n g  s p e e d s  d u r i n g  May and 
e a r l y  J u n e  1 9 0 4 ,  The r e s u l t s  a r e  g i v e n  i n  T a b l e  6-3,  No d i f t e r e n c e  i n  
p r o d u c t i v i t y  was o b s e r v e d  f o r  t h e  r a n g e  o f  m i x i n g  speed  f r o m  15-27 c n / s e c .  I n  
e x p e r i m e n t s  1  and 2, t h e  use o f  t u r b u l e n c e  g e n e r a t i n g  o b s t a c l e s  ( b r i c k s  p l a c e d  
a c r o s s  t h e  c h a n n e l  e v e r y  e i g h t  f t . ) ,  w h i c h  p a r t i a l l y  o r g a n i z e d  t h e  m i x i n g  i n t o  
r o l l i n g  s w i r l s ,  d i d  n o t  i n c r e a s e  p r o d u c t i v i t y .  I t  d i d ,  h o w e v e r ,  g r e a t l y  
i n c r e a s e  t h e  power  i n p u t  b y  i n c r e a s i n g  the  e f f e c t i v e  M a n n i n g ' s  r o u g h n e s s .  The 
l o w e r  l i m i t  o f  m i x i n g  speeds  u s e d  i n  t h i s  e x p e r i m e n t  was 14  c m / s e c .  When 
l o w e r  s p e e d s  w e r e  a t t e m p t e d ,  t h e  c l u m p e d  b i o m a s s  s e t t l e d  i n  t h e  ponds .  Thus, 
a b o u t  15 cm/sec  a p p e a r s  t o  b e  r e q u i r d  t o  k e e p  f l o c c e d  m a t e r i a l  suspended .  As 
e x p e r i m e n t  3 shows, r a n d o m i z e d  m i x i n g  r e g i m e s  a t  h i g h  speed  (27 c m / s e c )  d i d  
n o t  i n c r e a s e  t h e  p r o d u c t i v i t y  o f  d e n s e  c u l t u r e s  e i t h e r .  



Tab le  6-3. +engiegmui M i x i n g  Speed ~ x ~ e r i m e n t s - 1 0 0 m ~  Ponds 

E x p ' t .  Dates  T,OC P H  Tot. Head Hydr.  Prod. Days Vel .  TDS 

max /mi  n  ~ / m ~  cm w / m 2  gm/m2/d 
cm/sec ............................................................................. 
191-2 5 /6-11 30114 8.1-8.7 .34 .87 .11 18 ti 27 3.9 
1, I-l* I1 I1 7.8-8.5 .86 --- ( ' 3 2 )  20 6  15 3.9 

* Tu rbu lence  g e n e r a t i n g  o b s t a c l e s  i n  pond 
( I n t e r p o l a t e d  v a l u e s  

A more c o n t r o l l e d ,  b roader  m i x i n g  expe r imen t  was conducted i n  August and 
September 1984 when t h e  C h l g r g l l a  was b e i n g  c u l t i v a t e d .  T h i s  o rgan ism l e n t  
i t s e l f  w e l l  t o  m i x i n g  expe r imen ts  s i n c e  i t s  s m a l l  s i z e  (3 -5u)  p r e c l u d e d  
s e t t l i n g ,  even i n  p r a c t i c a l l y  s t i l l  water .  Thus m i x i n g  speeds f rom < 1  t o  60 
cmlsec were t e s t e d .  A l so ,  t h e  l e v e l  o f  D O ,  which decreases as m i x i n g  speed 
i s  i n c r e a s e d  i n  t h i s  range,  was kep t  c o n s t a n t .  T h i s  was accompl i5hed by 
r e c i r c u l a t i n g  t h e  suspens ion  a t  one l o c a t i o n  i n  each pond, t h r o u g h  a  113 hp 
pump and back i n t o  t h e  pond v i a  a  two i n c h  PVC p i p e  ac ross  t h e  channe l  bo red  
w i t h  318 i n c h  h o l e s  on s i x  i n c h  c e n t e r s .  The water  l e a v i n g  t h e  p i p e  was 
d i r e c t e d  s t r a i g h t  downward t o  m i n i m i z e  t h e  e f f e c t  on average m i x i n g  speed. 
The use o f  t h i s  deoxygena t i nq  d e v i c e ,  w ind  m i x i n g ,  and t w i c e  a  day m i x i n g  of 
a l l  ponds f o r  sampl ing ,  e x p l a i n s  why t h e  l o w e s t  speed used was ( 1  cmlsec 
r a t h e r  t h a n  zero .  

Tab le  6-4 g i v e s  a l l  t h e  p e r t i n e n t  d a t a  f r o m  t h e  expe r imen ts .  The major  
r e s u l t ,  p r o d u c t i v i t y  vs. m i x i n g  speed i s  shown i n  F i g u r e  6-5. I t ' s  c l e a r  
t h a t  f o r  p r o d u c t i v i t y  up t o  25 gm/m2/day and m i x i n g  speeds f rom 0  t o  30 
cmlsec t h e r e  i s  no dependence o f  p r o d u c t i v i t y  on m i x i n g  speed. T h i s  r e s u l t  
r e a l l y  i s  n o t  s u r p r i s i n g  f o r  s low u n c o r r e l a t e d  movement o f  c e l l s  i n  t h e  water  
column. Each c e l l  responds t o  t h e  s l o w l y  chang ing i r r a d i a n c e  i t  i s  
r e c e i v i n g .  The t u r n o v e r  o f  c e l l s  even a t  t h e  l o w e s t  m i x i n g  speed was 
a p p a r e n t l y  s u f f i c i e n t  t o  p r e v e n t  c e l l  dea th  due e i t h e r  t o  p r o l o n g e d  exposure  
t o  t h e  h i g h e s t  i r r a d i a n c e  o r  t o  t o t a l  r e s p i r a t o r y  decay i n  t h e  d a r k e s t  zones 
a t  t h e  pond bot tom.  These c u l t u r e s  grew t o  maximal d e n s i t i e s  o f  about  600 
PP'". 





T a b l e  6-4. C t i l g r g l l g  N i x i n g  V e l o c i t y  Expe r imen ts  100m2 Ponds 

M i x i n g  Hyd. Aver,  Max. f iver .  
Ve l .  Power Prod.  Prod. I n s o l a t i o n  T ,  O C  D u r a t i o n  

E x p ' t  cm/sec ~ m ' ~  gm/m2/d gm/m2/d L a n g l e y s / d  min-max Days ......................................................................... 

Maximum DO a t  30 cmlsec 220% sa t . ,  14.5ppm 
a t  3.7cm/sec 285% s a t . ,  19.0ppm 

The l ow  p r o d u c t i v i t i e s  a t  60 cmlsec were due t o  r a t h e r  a b r u p t  decrease i n  
pond tempera tu res  wh ich  o c c u r r e d  i n  l a t e  Sept .  and e a r l y  Oct .  1984. 

6.5 MASS TRANSFER THROUGH THE SURFACE 

The mass t r a n s f e r  c o e f f i c i e n t ,  K L ,  was measured a t  two m i x i n g  v e l o c i t i e s :  
15 and 30 cm/sec. The measurements were done by measur ing t h e  r a t e  o f  
decrease o f  t o t a l  carbon f rom a  100 m 2  pond w i t h  known a l k a l i n i t y .  The 
ca rbon  l e v e l  was c a l c u l a t e d  f rom t h e  ca rbona te  e q u i l i b r i u m  e q u a t i o n s  w i t h  
c o n s t a n t s  a d j u s t e d  f o r  t e m p e r a t u r e  and i o n i c  s t r e n g t h .  pH was measured u s i n g  
a  Radiometer  pH meter  capab le  o f  a c c u r a t e l y  measur ing  .01  pH u n i t s .  The pH 
measurements were m o n o t o n i c a l l y  dec reas ing .  The range o f  pH, 7.4 t o  7.2, was 
chosen t o  p r e c l u d e  e f f e c t s  f rom back p r e s s u r e .  I n  t h e  g i v e n  system, t h e  



d r i v i n g  f o r c e  o f  C02 i n  t h e  b u l k  l i q u i d  was a b o u t  0 .61 mmolar .  Air 
e q u i l i b r a t e s  t o  a b o u t  0 ,01  mmole r ,  The r e s i s t a n c e  c o e f f i c i e n t  was c a l c u l a t ~ d  
a5: 

K L  = t r a n s f e r  r a t e  I ( C 1 0 - 1 0 ) :  m e t e r s  p e r  hour 

f o r  30 cm/sec , ,  KL  = 0 . 1  a / h r .  F o r  15 c a / s e c ,  K L  = 0.030 m / h r .  

C a l c u l a t i o n s  + o r  t h e  mass t r a n s f e r  c a e f f i c i e n t s  u n d e r  pond  c o n d i t i o n s  w e r e  
made b y  Weissman 171, us ing  e m p i r i c a l  c o r r e i a t i a n s  d e r i v e d  f r o m  c h a n n e l  and 
s t r e a m  a e r a t i o n  s t u d i e s  C83. The r e s u l t s  y i e l d e d  an e q u a t i o n  o f  t h e  
f o l l o w i n g  f o r m :  

S h y d r a u l i c  s l o p e  

V = m i x i n g  speed ,  f t / s e c  

d = d e p t h ,  f t ,  

S u b s t i t u t i o n  o f  t h e  r e l e v a n t  n u m b ~ r s  y i e l d s  t h e  f o l l o w i n g  v a l u e s  f o r  KL a t  
30 and 15 cm/sec  r e s p e c t i v e l y :  0.027 and 0.0124. A l t h o u g h  t h e  t h e o r e t i c a l  
v a l u e s  a r e  h i g h  b y  a f a c t o r  o f  3 . 4 5 3  t h e  r e l a t i v e  r a t i o  i s  o f f  o n l y  b y  20%. 
Assuming  t h i s  r e l a t i o n s h i p  t o  b e  t r u e ,  T a b l e  6 - 5  g i v e s  o u t g a s s i n g  
coefficients as a f u n c t i o n  c f  m l x i n g  v e l o c i t y ,  I t  c a n  b e  r e a d i l y  a p p r e c i a t e d  
t h a t  h i g h  m i x i n g  v e l o c i t i e s  ( o r  e q u i v a l e n t l y  h i g h  t u r n o v e r  r a t e s  of  b u l k  
l i q u i d  t o  t h e  s u r f a c e )  w i l l  r e s u l t  i n  v e r y  h i g h  o u t g a s s i n g  c o e f f i c i e n t s ,  The 
r e l a t i o n s h i p  b e t w e e n  m i x i n g  and C02 l o s s  w i l l  b e  e x p l o r e d  i n  t h e  n e x t  
s e c t i o n  i n  wh ich  t h e  e x p e c t e d  L e v e l s  o f  d i s s o l v e d  C U 2  a r e  d i s c u s s e d ,  

6 . 6  SUMMARY 

Channel  v e l o c i t y  and m i x i n g  power  measurements  w e r e  made o v e r  t h e  r a n g e  oC 
3.8 t o  33 c m / s e c ,  A f l a n n i n g ' s  r o u g h n e s s  o f  a b o u t  0 . 0 1 b  was c a l c u l a t e d  f a r  
t h e  l a r g e ,  p l a s t i c - l i n e d  ponds .  The o v e r a l l  e f f i c i e n c y  o f  t h e  p a d d l e w h e e l  
s y s t e m  v a r i e d  w i t h  s p e e d ,  b e i n g  a lmos t  40% a t  33.1 cm/sec  and 20% a t  15 
cm/sec. 40-50% e f f i c i e n c y  i s  c o n s i d w e d  c l o s e  t o  t h e  maximum p r a c t i c a l l y  
a c h i e v a b l e .  

The dependence  o f  h y d r a u l i c  power  on c h a n n e l  v e l o c i t y  was j u s t  less t h a n  
c u b i c ,  b a s i c a l l y  c o n f i r m i n g  t h e  s t e e p  i n c r e a s e  f o u n d  i n  " i d e a l "  open c h a n n e l  
f l o w ,  



Tab le  6-5. Ou tgass ing  C o e f f i c i e n t  vs  M i x i n g  V e l o c i t y  ( d  = 20 cm) 

K L ,  m/hr V ,  cm/sec 

,012 5  

,026 10 

,040 15 

,063 2 0  

. l o  30 

.22 6 0  

The p r o d u c t i o n  o f  b iomass was found n o t  t o  depend on channe l  v e l o c i t y  over a 
l a r g e  range  o f  t h e  l a t t e r .  Thus o t h e r  c o n s i d e r a t i o n s ,  l i k e  c a r b o n a t i o n  and 
p a r t i c l e  suspens ion  w i l l  de te rm ine  m i x i n g  speed. The c o s t  o f  m i x i n g  i s  v e r y  
l ow  a t  l ow  m i x i n g  speed, b u t  i n c r e a s e s  q u i c k l y .  A t  15 cm/sec, m i x i n g  power 
r e q u i r e d  ( a t  100% e f f i c i e n c y )  was 0.026 ~ m ' ~ .  A t  24 h r / d a y  m i x i n g  and 20 
gm/m2/day a l g a l  p r o d u c t i v i t y ,  t h i s  i s  equa l  t o  about  0.03 kw.hr /kg  a l g a e  o r  
about  $.003/kg a l g a e  produced,  On an energy  b a s i s  t h e  m i x i n g  power r e q u i r e d  
r e p r e s e n t s  o n l y  0.5% o f  t h e  h e a t  o f  combust ion  o f  t h e  a l g a e  o u t p u t .  A t  30 
cm/sec t h e s e  numbers changed t o  $ .02 /kq  a l g a e  and 3.3%. 



SECTION 7 .0  

CARBONAT I O N  

7 . 1  INTRODUCTION 

Carbon  d i o x i d e  i n p u t  i s  a n o t h e r  c r i t i c a l  c o s t  c e n t e r  o f  a l g a l  b iomass 
p r o d u c t i o n .  The c o s t  i s  d e t e r m i n e d  b y  t h e  a c t u a l  c o s t  o f  COZl t h e  c a p i t a l  
c o s t  o f  d i s t r i b u t i o n  and i n j e c t i o n ,  and t h e  e f f i c i e n c y  o f  i t s  use .  ? h e  
s u b j e c t s  o f  t h i s  s e c t i o n  a r e  t h e  f a c t o r s  which d e t e r m i n e  t h i s  e f f i c i e n c y .  
They i n c l u d e  i n j e c t i o n  e f f i c i e n c y ,  o u t g a s s i n g  l o s s ,  and t h e  p h y s i o l o g i c a l  
r e s p o n s e  o f  t h e  o r g a n i s m  t o  pC02, pH, and a l k a l i n i t y .  

7 . 2  I N J E C T I O N  EFFICIENCY 

I n j e c t i o n  l o ~ s e s  were  based on  t h r e e  e x p e r i m e n t s  d e t a i l e d  i n  T a b l e  7 -1 .  The 
p r o c e d u r e  used i n c l u d e d  c a r b o n a t i n g  t h e  ponds and r e c o r d i n g  i n i t i a l  and f i n a l  
pH, t e m p e r a t u r e ,  and a l k a l i n i t y .  A f t e r  c a l c u l a t i n g  t h e  d i f f e r e n c e  i n  t o t a l  
i n o r g a n i c  c a r b o n ,  t h e  o u t g a s s i n g  l o s s ,  based  on mass t r a n s f e r  c o e f f i c i e n t s  
measured p r e v i o u s l y  was s u b t r a c t e d .  The e x p e r i m e n t s  were p e r f o r m e d  i n  
i r r i g a t i o n  w a t e r  w i t h  a l k a l i n i t y  added,  a t t a i n i n g  t h e  t o t a l  a l k a l i n i t y  
s p e c i f i e d  i n  t h e  t a b l e .  I n j e c t i o n  e f f i c i e n c i e s  o f  5 7 % ,  5 7 1 ,  and 66% were 
measured.  F o r  s u b s e q u e n t  c a l c u l a t i o n s  t h e  v a l u e  o f  66% was used s i n c e  
c o n d i t i o n s  mos t  c l o s e l y  r e s e m b l e d  t h e  ones  w h i c h  y i e l d e d  t h i s  r e s u l t ,  The 
i n j e c t i o n  e f f i c i e n c i e s  o b t a i n e d  a r e  much h i g h ~ r  t h a n  one w o u l d  n o r m a l l y  
e x p e c t  s p a r g i n g  i n t o  a  w a t e r  c o l u m n  o f  o n l y  20 cm. The mass t r a n s f e r  a c r o s s  
a bubbke  s u r f a c e  is v e r y  s e n s i t i v e  t o  b u b b l e  s i z e .  A l t h o u g h  an e q u i l i b r i u m  
s i z e  o f  1 c m  i s  u s u a l l y  a t t a i n e d ,  i t  t a k e s  a b o u t  1 m o f  r i s e  f o r  e q u i l i b r i u m  
t o  b e  r e a c h e d .  Thus s h a l l o w  sumps a r e  more e f f i c i e n t ,  p e r  m e t e r  o+ d e p t h  
t h a n  deeper  ones.  

T a b l e  7-1.  C02 L o s s e s  a t  I n j e c t i o n  

Pond I n f l o w  
Size  7 A l k n  pHi p H +  C T t - C T i  R a t e  C i n *  E f f i c .  
m z  O C  r n ~  1101 e s  LPM m o l e s  x 
- - - I I - - I I " C - - - - - - - L - - - - - - I - - - - - - - . - . - - - - - - - - - - - - - - - " - - - - - - - - - - - - - - - - - - - - - - -  

* C o r r e c t e d  f o r  o u t g a s s i n g  



7.3 C02 UTILIZATION EFFICIENCY 

I h e  o v e r a l l  C02 u t i l i z a t i o n  e f f i c i e n c y  was measured by  t w o  methods.  I n  t h e  
f i r s t  method,  t h e  b i omass  p r o d u c t i o n  f r o m  2  X 100m2 p l u s  1 X 200 m 2  was 
t o t a l l e d  o v e r  42 days  o f  o p e r a t i o n  ( 5 1 8 - b l 2 0 )  and t h e n  d i v i d e d  b y  t h e  t o t a l  
C02 used ,  a s  measured by  t h e  d i f f e r e n c e  i n  t h e  CU2 me te r  r e a d i n g s  on t h e  
s i x  t o n  C02 t a n k  ( T a b l e  7-21,  The 3.3 kg  C02/kg  AFDW c o r r e s p o n d s  t o  a  
30% e f f i c i e n c y ,  o r  54% o f  t h a t  t h e o r e t i c a l l y  a c h i e v a b l e .  T h i s  i n c l u d e s  
i n j e c t i o n  l o s s e s  and o u t g a s s i n g  l o s s e s ,  b u t  does n o t  a c c o u n t  f o r  u r e a - d e r i v e d  
C02. The l a t t e r  o n l y  c o n t r i b u t e s  5% o f  t h e  c a r b o n  i n p u t  and t h u s  c o u l d  
m a x i m a l l y  r e d u c e  t h e  e f f i c i e n c y  t o  29% o v e r a l l  o r  52% o f  t h e o r e t i c a l .  

T a b l e  7-2. O v e r a l l  Carbon D i o x i d e  U t i l i z a t i o n  E f f i c i e n c y  
518-6 /20 ,  1984 

1. A l g a l  b i omass  p r o d u c e d  i n  400 m Z  o f  ponds:  242 kg  AFDW 

2. C02 l e v e l  d r o p  i n  s i x  t o n  t a n k  795 kg  C02 

3. U rea  ca rbon :  ( 2 4 2 / 1 0 / 0 . 4 6 )  X 12 /60  = 10.5 
E q u i v a l e n t  COZ:  10.5 X 4 4 / 1 2  39 kg  C 2  

4. ( A l g a l  b iomassICO2 i n p u t )  X 100 29% 

5 T h e o r e t i c a l  1 / 1 . 8  55.6% 

6. % T h e o r e t i c a l  a t t a i n e d  52% 

7. C02 Requ i r emen t :  7971242 3.3 k g / k g  

I n  t h e  second  method,  C02 m e t e r s  and t i m e r s ,  w h i c h  were i n s t a l l e d  on t h e  
100 m 2  ponds  i n  Augus t  1984, were used  t o  t a l l y  t h e  t o t a l  C02 i n p u t  t o  
t h e  ponds.  The e q u i v a l e n t  a l g a l  b i omass  t h a t  t h e  t o t a l  d a i l y  CU2 i n p u t  
c o u l d  have  s u p p o r t e d  ( based  on 1.0 kg  C02/kg  a l g a e )  was c a l c u l a t e d .  The 
a c t u a l  p r o d u c t i v i t y  was d i v i d e d  b y  t h i s  number,  The r e s u l t s  a r e  shown i n  
T a b l e s  7-3,-4. A l s o  shown i n  t h e s e  t a b l e s  a r e  t h e  l o s s e s  used  f o r  i n j e c t i o n  
and c a l c u l a t e d  f o r  o u t g a s s i n g  unde r  t h e  s t a t e d  c o n d i t i o n s .  

The re  was s u b s t a n t i a l  v a r i a b i l i t y  i n  t h e  o v e r a l l  e f f i c i e n c y  (SD 10-25% o f  
mean v a l u e s ) .  Thus t h e  t o t a l  a c c o u n t i n g  o f  C02 ( i n t o  a l g a e ,  l o s t  upon 
i n j e c t i o n ,  and o u t g a s s e d )  i s  o n l y  v e r y  a p p r o x i m a t e .  The i n j e c t i o n  l o s s  was 
l a r g e ,  b u t  t h i s  s h o u l d  be  r e d u c e d  e a s i l y  t o  5% o r  so  by  p r o p e r  d e s i g n  o f  a  
c a r b o n a t i o n  s t a t i o n .  No t  u n e x p e c t e d l y ,  o v e r a l l  e f f i c i e n c i e s  were g r e a t e s t  a t  
l o w e r  m i x i n g  speeds  where o u t g a s s i n g  i s  r educed .  Thus t h e  i n t e r p l a y  be tween 
a l g a l  p r o d u c t i v i t y ,  m i x i n g  v e l o c i t y ,  and d i s s o l v e d  C02 c o n c e n t r a t i o n  w i l l  
d e t e r m i n e  t h e  econom ics  o f  LO2 u t i l i z a t i o n .  



T a b l e  7-3. C02 P a r t i t i o n i n g  100m2 Ponds 

O v e r a l l  
M i x i n g  Aver ,  C U 2  i n  E f f i c ,  I n  j ,  O u t g a s s i n g  T o t .  
cn / rec  q m / m Z / c i  gm/m2/d x LOSS x Loss  x x 
~ - ~ - - - - C - ~ - - ~ ~ - ~ ~ ~ l ~ I ~ . . L L I " r 1 * I - . c . C C C I C C ~ C ~ ~ ~ , " ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

30 22.9 49.8 48.4 34 20.7 1 0 3 . 1  
n = 7  2 " J 4  t 1 2 . 9  t 1 3 . 7  

p H  7 . 5  A l k  = 5 mH 
KL a 0 . 1  m/hr  f o r  30 c m / ~ e c l  0 , 0 3 0  for 13 cm/zec  

Tab le  7 - 4 .  C02 P a r t i t i o n i n g  w i t h  O x y g e n  D e s o r b e r  

O v e r a l l  
H i  x i ng h v e r  C02 i n  E f f i c .  I n j l  O u t g a s s i n g  T o t ,  
cm/sec gm/m2/d gm/m2/d X l o s s  % L o s s  Y, % 
1 1 - - - 1 - , - - - w - - - - - - 1 ~ 1 - " - - - - - " " - - - - - " " - ~ ~ - w - - - - - - - - - - - - w w ~ ~ - w , , - - - - - - - - - - -  

30 18.9  42.9 43.8 34 22 .4  100.2 
n = 5  4 4 .9  : 4 . 9  t i O . 0  

pH = 7 . . 5  A l k  = 5 mM 
KL = 0.1 m/hr  f o r  30 c n / s e c ,  0.02 f o r  3.7 cm/sec  

An i n t e r e s t i n g  f e a t u r e  o f  t h e  d a t a  i s  t h a t  t h e  mechanism used  f o r  d c s a r b i n q  
oxygen had a p p a r e n t l y  l i t t l e  e f f e c t  an c a r b o n  mass t r a n s f e r .  T h i s ,  t o o ,  was 
e x p e c t e d ,  s i n c e  i t  was obseved t h a t  t h e  oxygen deso rbed  was mainly f r o m  
n u c l e a t e d  r e l e a s e  o f  s u p e r s a t u r a t e d  U2 and n o t  mass t r a n s f s r .  
Measurements o f  DO b e f o r e  and a f t e r  t h e  o p e r a t i o n  ~f t h e  d e s o r b e r  fur  10 
m i n u t e s  showed t h a t  D O  dec reased  15X, bu t  pH measurements showed no decrease .  



7 . 4  PHYSIOLOGICAL ASPECTS OF C02 UTILIZATION 

S i n c e  o u t g a s s i n g  o f  C02 i s  so dependent on d i s s o l v e d  C02 l e v e l s ,  and t h u s  
can be v e r y  h i g h  o r  v e r y  low,  expe r imen ts  were conducted t o  i n v e s t i g a t e  t h e  
g rowth  response  o f  t h e  C h l g ~ g l i a  as a  f u n c t i o n  o f  d i s s o l v e d  C02, pH, and 
a l k a l i n i t y .  S i n c e  a l k a l i n i t y  i s  u s u a l l y  a  g i v e n ,  t h e  pH o f  o p e r a t i o n  w i l l  
d e t e r m i n e  t h e  C02 l e v e l .  But  expe r imen ts  w i t h  d i f f e r i n g  a l k a l i n i t i e s  were 
r e q u i r e d  t o  y i e l d  s p e c i f i c  C02 l e v e l s  independent  o f  pH. F o r t u n a t e l y  t h i s  
o rgan iam e x h i b i t e d  a  v e r y  b road  range  o f  t o l e r a n c e  t o  a l k a l i n i t y ,  as 
d i scussed  below. 

The i L  Roux b o t t l e  a p p a r a t u s  was used i n  t h e s e  expe r imen ts .  Temperature was 
30+1°c. I l l u m i n a t i o n  was c o n t i n u o u s  a t  40 ~ m ' ~  b u t  o n l y  f r o m  one s i d e  o f  
t h e  b o t t l e .  Gas t r a n s f e r  r a t e s  were measured and made s u f f i c i e n t  t o  keep 
d i s s o l v e d  C02 e s s e n t i a l l y  i n  e q u i l i b r i u m  w i t h  t h e  i n f l o w i n g  gas phase f o r  
P C O ~ )  0.025. That i s  C02 i n p u t  was an o r d e r  o f  magn i tude g r e a t e r  t h a n  
maximal u p t a k e  a t  t h e s e  pCOZ l e v e l s ,  For  expe r imen ts  i n  which a i r  was 
used, even a t  3 LPH w i t h  s e v e r a l  b u b b l e r s ,  i n p u t  c o u l d  n o t  keep up w i t h  
demand. Of c o u r s e  t h i s  was observed as an i n c r e a s e  i n  measured pH. The 
a c t u a l  c o n c e n t r a t i o n  o f  d i s s o l v e d  C02 was e s t i m a t e d  by i n p u t  minus demand. 
The demand o f  t h e  c u l t u r e s  was q u i t e  c o n s t a n t  over  a  3  t o  4  day p e r i o d .  Only 
a t  t h e  b e g i n n i n g ,  when c u l t u r e s  were d i l u t e ,  was i n p u t  much g r e a t e r  t han  
demand. Thus maximum s p e c i f i c  g row th  r a t e  r e s u l t s  and average p r o d u c t i o n  
r e s u l t s  o b t a i n e d  f r o m  t h e  same c u l t u r e  a r e  r e f e r e n c e d  t o  d i f f e r e n t  C02 
l e v e l s ,  e.g. ,0331 and ,017. r e s p e c t i v e l y .  

The r e s u l t s  o f  over  30 e x p e r i m e n t a l  r u n s  a r e  shown i n  Tab les  7-5, 6 ,  and 
F i g u r e s  7-1, 2. R e p r o d u c i b i l i t y  was q u i t e  good. N e i t h e r  maximum s p e c i f i c  
g row th  r a t e  no r  average p r o d u c t i o n  depended on a l k a l i n i t y .  Bo th  were 
dependent on pCOZ and pH. However, p r o d u c t i o n  was more s e n s i t i v e  than  

Average p r o d u c t i o n  was more dependent on C02 l e v e l  t h a n  pH. A t  22 C02, 
pH  h a r d l y  m a t t e r e d  between 7.0 and 9.0. A t  0.5% C02 t h e r e  i s  some d r o p o f f  
a t  pH >9.0. There i s  no s i g n i f i c a n t  d i f f e r e n c e  between p r o d u c t i v i t y  a t  0.5% 
and 2%. The l o w e s t  C O Z ,  0.01% (one t h i r d  a i r  e q u i l i b r i u m )  r e s u l t e d  i n  t h e  
l o w e s t  p r o d u c t i o n  a t  a l l  pH, b u t  s t i l l  showed ( a s  i n  t h e  case o f  0.5% C O Z )  
a 25% decrease a t  pH )9 r e l a t i o n  t o  pH 7 ,  An i m p o r t a n t  c o n c l u s i o n  is t h a t  pH 
cannot  be used as a  v a r i a b l e  independent  o f  pC02, u n l e s s  c a r e  i s  t a k e n  t o  
v a r y  t h e  two i n d e p e n d e n t l y .  T h i s  i s  n o t  u s u a l l y  done i n  "pH o p t i m a "  
exper iments .  I n  t h i s  exper iment  t h e  e f f e c t  o f  pC02 on p r o d u c t i v i t y  i s  seen 
t o  be more pronounced t h a n  t h a t  o f  pH, 

The same was found t o  be t r u e  o f  umax,  b u t  t o  an even g r e a t e r  e x t e n t .  
There was no c o r r e l a t i o n  between um and pH, so a l l  o f  t h e  d a t a  i s  grouped 
by pC02 o n l y .  Even t h e  dependence on C02 l e v e l  i s  l e s s  pronounced, w i t h  
o n l y  a  25% r e d u c t i o n  i n  umax compared t o  a  40% r e d u c t i o n  i n  p r o d u c t i v i t y  as 
pC02 i s  decreased.  Maximum s p e c i f i c  g row th  r a t e  d e t e r m i n a t i o n s  a r e  n o t  
good p r e d i c t o r s  o f  p r o d u c t i v i t y .  
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T a b l e  7 -5 .  C h l g ~ g l l a  P r o d u c t ~ v i t v  v s  pCU2, pH, A l k .  

oLb2 P H k v e r .  P r o d .  S ,  G .  k l k .  n 
7. gm/ m2/ a a v  m M ......................................................................... 
2 7 .0 -9 .0  19 .1  2 . 1  2 - 1 5 v  9 
2 1.0-7 .3  20. 4 3 . 3  2-5.3 3 
2 8 .0 -6 .5  19.4 0.4 5 , 2 5  2 
2 9 .  0 1 7 . 9  1 . 1  100-150 4 

T a b l e  7-6 .  C h l q ~ e l i a  Maximum S p e c i f i c  Growth R a t e  vs  pC02,  p H e  U l k .  

P C O J  P H Urnax 5 .  D. A l k .  n 
7. d  - m N 

-------------------------------------------------*---------------------- 

1 , 2  7.0-Y.31 2 .  80 U.22 1 - 100 4 



Some CuZ. pH e x p e r i m e n t s  w e r e  p e r t o r m e d  i n  t h e  1.4 m 2  p o n d s  o u t d o o r s  
u s l n o  t h e  g h i g [ g l h  { f a b l e  7-71. P r ~ d u c t i v d y  was e q u a l  t o  n a r m a l l v  o p e r a t e d  
c u l t u r e s  ( p H  7.5, A l k  = 5 mH) a5 l o n g  a s  d i s s o l v e d  C U 2  was kept h i q h  
enough .  I n  e x p e r i m e n t  # I ,  CU2 was k e p t  l o w  b y  c o n t r o l l i n q  pH  a t  8.3 and 
9 . U .  A v e r a q e  p r o d u c t i o n  was r e d u c e d  a b o u t  25-39%. Low pH c o m b i n e d  w i t h  l o w  
a l k a l i n r t y ,  or h i g h  pH and high a l k a l ~ n i t y  ( # Z j  y i e l d e d  e s s e n t i a l l y  e q u a l  
p r o d u c t i v i t y .  I n  b o t h  c a s e s  d i s s o l v e d  ED2 was h i g h  ( e q u i v a l e n t  t o  
equilibrium with a 1 - Z X  Cog g a s  p h a s e ) .  

l a b l e  7 - 7 .  pCU2 and Cbt~o-gdig P r o d u c t i v i  t v :  1 .  4m2 Ponds 

# D a y s  T ,OC pC02 P H  A l k .  U v e r .  P r o d ,  Max. P r o d .  
min-max mM nH emlm21day q m / m 2 / d a y  

- - " - C - - - - - - - - - - - - - - - - - - - - - - I - - - - - - - - - - - ~ - - * - - - - - - " - d - - - - " - - - - - ~ - - - - ~ - w ~ - * - - -  

1 5 14-28 0.04 13. 3 5 16 3ir 
b 15-30 0.007 9.0 5 15 - 

7 . 5  LOg OUTGASSING 

Unce t h e  r e s p o n s e  ot an a l g a  to t o 2  l e v e l  and pH i s  known ( a r  b e t t e r  y e t  t o  
c y c f e s  o t  c h a n q i n q  CU2  and pH)  t h e  s p e c i t i c  e ronomlcs  o t  t h e  u s e  o t  t h a t  
s t r a i n  c a n  b e  d e t e r m i n e d .  C h o i c e  o t  an  o r q a n l s m  w l l l  depend  an t h e  t r a d e - a + t  
b e t w e e n  p r o d u c t i v i t y  a t  i n c r e a s e d  C O Z  l eve l  and C02 loss d u e  t o  i n c r e a s e d  
out gas sin^. As an e x a m p l e ,  t h e  e q u i v a l e n t  a l g a l  b i o m a s s  p r D d U C t i O n  p o t e n t i a l  
o t  o u t g a s s e d  LO2 1 s  p l o t t e d  i n  F i g u r e s  /-3 a n d  1 - 4  a s  a f u n c t i o n  o +  pH and 
a l k a l ~ n ~ t y  ( t h a t  1 5 ,  d i s s o l v e d  C02 c u n c e n t r a t i o n )  t o r  t w o  d ~ t f e r e n t  t y p e s  
o f  w a t e r s .  1 h e  t l r s t  1 s  s i m ~ l a r  t o  t h e  medium u s e d  + o r  q r o w t h  a t  t 3 i g r g & l a  
i n  t h r s  p r o j e c t .  The s e c o n d  i s  a hypothetical w a t e r  w i t h  t h e  same 
e q u i l i b r i u m  c o n s t a n t s  (tor t h e  c a r b o n a t e  s v s t e m )  as s e a w a t e r .  I t  l s n  t 
s e a w a t e r  s l n c e  t h e  a d d i t i o n  o+ t h e  r n d ~ r a t e d  amoun ts  o +  a l k a l i n l t v  w o u l d  
result I n  C a C O S  p r e c i p i t a t i o n  f r o m  s e a w a t e r .  i t  I S  s i m p l v  a h i g h  I D S  case.  

i f  a g i v e n  medlum, a t t e r  e v a p o r a t i v e  c o n c e n t r a t i o n  c o n t a i n s ,  f o r  e x a m p l e ,  LO  
mN a l k a l i n i t y  t h e n  t h e  r a n q e  o f  d i s s o l v e d  LO2 ( p H 1  a t  w h l c h  o u t q a s s i n q  1 5  

m i n i m a l  i s  r e s t r i c t e d .  The b e s t  approach 1 s  t o  s c r e e n  t o r  o r a a n i s m s  w h i c n  
are h i g h l y  praductive w i t h l n  this a c c e p t a b l e  C02 r a n g e .  1 t  p r o d u c t r v i t y  
I n c r e a s e s  as CD2 l e v e l  i n c r e a s e s ,  t h e  i n c r e a s e  must ~ u s t i t y  t h e  l a r g e r  
C 0 2  o u t a a s s l n g  1085.  A t  a b o u t  Z O  mM a l k a l i n i t v  losses a r e  n o t  t o o  s e v e r e  
I n  l o w  TDS w a t e r s  down t o  pH 8 o r  so,  I n  h i g h  TDS w a t e r s  down t o  pH " 7 . 1 .  





The c o r r e s p ~ n d i n q  d i s s o l v e d  LO1 c o n c e n t r a t ~ o n  i s  a b o u t  . 3  mM ( e q u i v a l e n t  t o  
e q u i l i b r i u m  w i t h  a I X  pas  p h a s e )  w h i c h  d o e s  n o t  h m i t  p r u d u c t i v ~ t y  o t  
t h e  ~ & ~ ~ ~ g l l g 8  However ,  pH w o u l d  r i s e  I n  be tween carbonation s t a t ~ o n s ,  
l o w e r i n o  E D L  t o  .07 mM ( a t  p H  9 .3  or 6 . 7 )  w h i c h  m i g h t  i m p a c t  p r c t d ~ ~ t i v i t ~ .  
However ,  o p e r a t i n g  c l o s e r  t o  pH I becomes u n e c o n o m i c a l  u n l e s s  a l k a l i n i t y  i s  
v e r y  l o w  as I n  a s e a w a t e r  s y s t e m  without r e c y c l e .  Even s o ,  t h e  lack o t  
a l k a l i n i t v  l o w e r s  t h e  c a r b o n  s t o r a g e  c a p a c i t y  s o  much t h a t  t h e  distribution 
s y 5 t e m  t o r  CU2 i n ~ e c t i o n  w o u l d  become p r o h i b i t i v e l y  e x p e n s w e ,  

7he above  dlscuss ton  i s  b a s e d  on a  mixing speed o +  15 cm/sec.  i t  t h i s  i s  
i n c r e a s e d  t o  30  c m / s e c ,  t h e n  o p e r a t i o n  be low  pH b becomes expensive. sxnce 
o u t q a s s i n q  i n c r e a s e s  L . 5  + o l d .  I f  t h e  pond  1 s  o p ~ r a t e d  a t  l u  cm i n s t e a d  a t  
20 cm, t h e  o u t q a s s i n o  i s  i n c r e a s e d  a n o t h e r  + a c t o r  o i  abou t  1.3. I n  a d d ~ t i o n ,  
a n y  mechanism w h l c h  i n c r e a s e s  t h e  e f t l c l e n c y  o t  v e r t i c a l  movement o t  w a t e r  
w i l l  f u r t h e r  i n c r e a s e  o u t g a s s i n o  lasses. 

i h e  m a l o r  l o s s e s  o t  L o 2  w e r e  r n c u r r e d  upon  i n j e c t i o n  and due t o  o u t p a s s r n q  
t h r o u g h  t h e  pond  s u r f a c e .  The f o r m e r  1 5  e a s i l y  r e d u c e d  t o  b e l o w  5% b v  
s p a r q i n g  i n t o  t h e  b o t t o m  o f  a one  m e t e r  deep  sump, ( h e  l a t t e r  c a n  o n l v  b e  
r e d u c e d  b y  o p e r a t i n o  a t  l o w e r  c o n c e n t r a t i o n s  o+ d i s s o l v e d  CU2 ,  b y  l o w e r i n q  
c h a n n e l  m i x i n q  v e l o c i t y ,  and b y  i n c r e a s i n q  pond  d e p t h ,  Thus an o o t i m i z a t i o n  
p r o b l e m  a r i s e s ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  b l o m a s s  p r o d u c t i o n  a s  a t u n c t i o n  
o f  CD1 r a n c e n t r a t l o n .  Slnce alkalinity c a n  b e  assumed t o  b e  m o d e r a t e  t o  
h l g h  t r e q u i r e d  t o r  a d e q u a t e  c a r b o n  s t o r a q e  and a g i v e n  i n  mos t  g r o u n d w a r e r s  
a i t e r  e v a p o r a t i v e  c o n c e n t r a t i o n l ,  pH must a l s o  b e  m o d e r a t e  t o  h i g h ,  The 
g r o w t h  c h a r a c t e r l s t i r s  o t  t h e  a r p a n i s m  i n  t e r m s  o t  LLJ2 must b e  known I n  
o r d e r  t o  e v a l u a t e  t h e  e c o n o m i c s  o f  t h e  s y s t e m .  i h e  usual pH o p t l m u m  
e x p e r i m e n t s  a r e  n o t  s a t i s t a c t o r y ,  In t h e  t l n a l  a n a l y s i s ,  t h e  s t r a i n  
s c r e e n i n g  p r o t o c o l  s h o u l d  i n c l u d e  t h e  t y p e  o i  e x p e r i m e n t  d e s c r i b e d  aoove ,  
b i c a r b o n a t e  u p t a k e ,  w h i c h  was n o t  s i g n i + i c a n t  I n  t h e  work  r e p o r t e d  h e r e ,  
s h o u l d  a l s o  b e  measured  s i n c e  i t  may s i q n i + i c a n t l v  i n c r e a s e  p r o d u c t i v i t v  a t  
l o w  CU2 ( h ~ o h  p H ) .  



bECTION 8.0 

STORAGE PRODUCl 1NDUCTION 

8.1 OUTDOOR CULTURES 

I n  o r d e r  t o  i n d u c e  a c c u m u l a t i o n  o f  s t o r a q e  p r o d u c t s ,  c u l t u r e s  were  q rown p a s t  
t h e i r  n i t r o g e n - s u + + i c i e n t  g r o w t h  p o t e n t i a l .  E f f l u e n t s  + rom c o n t i n u o u s l ~  
o p e r a t e d  Ponds o f  b o t h  S .  g u a d r ~ c a u d a  and S .  S02a ---- were d i l u t e d  w l t h  n ~ t r o o e n  
+ r e e  medium and a l l o w e d  t o  ' i n d u c e "  i n  b a t c h .  B a t c h  c u l t u r e s  o f  b o t h  
Scqnqdgpmgq s t r a i n s  and t h e  f i n k l s t ~ o d e q m g s  were grown on y i e l d - l i m i t i n q  
n i t r o g e n  l e v e l s ,  I n  g e n e r a l  none  o+ t h e  o r g a n i s m s  t e s t e d  i n c r e a s e d  i n  l i p l a  
c o n t e n t  a t t e r  n i t r o g e n - s t a r v e d  a r o w t h ,  I o t a 1  c a r b o h y d r a t e  c o n t e n t  d i d  
I n c r e a s e .  l h e  h.  quagrlg-gdg s t r a i n  was p r o d u c t i v e  a t t e r  n i t r o g e n  d e p l e t i o n  
and a f t e r  r e a d d i t i o n  a t  n r t r o g e n .  The h .  SgiIa grew a f t e r  n i t r o g e n  d e p l e t l o n  
b u t  ~ r o d u c t i v i t y  d e c l i n e d  compared t o  N - s u f t i c i e n t  g r o w t h .  The 
Apkl~trodesqns grew p o o r l y  when N - s t a r v e d  and d i d  n o t  r e c o v e r :  i t  d l d  n o t  
r e s y n t h e s i z e  p i g m e n t  and e v e n t u a l l y  d i e d ,  a f t e r  r e a d d i t i o n  o t  u r e a - n i t r o q e n .  

E f f l u e n t s  t r o m  c o n t i n u o u s l y  g rown c u l t u r e s  o t  #. q y a d r : ~ a u d a  were used  t o r  
g r o w t h ,  i n  b a t c h ,  on N - d e f i c i e n t  med ia .  S a b l e  0-1 snows t o t a l ,  I i p i d ,  and 
c a r b o h y d r a t e  p r o d u c t i v i t i e s  o t  t h o s e  e t t l u e n t s  t h a t  a c t u a l l v  became n i t r o u e n  
d e p l e t e d .  The e f f l u e n t s  were d i l u t e d  w i t h  n i t r o o e n - t r e e  medium t o  l o w e r  
i n i t i a l  n i t r o q e n  l e v e l s .  I h e  t i m e  c o u r s e  o t  one o t  t h e  r u n s  i s  shown i n  
F i o u r e  B - 1 .  

I n  o e n e r a l ,  p r o d u c t i v i t i e s  o t  n i t r o g e n - s t a r v e d  c u l t u r e s  were as  h i g h  as  
n o n - s t a r v e d  b a t c h  c u l t a u r e s  o p e r a t e d  a t  t h e  same t i m e .  l h i s  was e s p e c i a l l y  
t r u e  i t  s t a r v a t i o n  d i d  n o t  p r o c e e d  p a s t  L - 5  days,  Seve re  d r o p  o t t s  i n  
p r o d u c t i v i t y  o c c u r r e d  t h e r e a f t e r .  There o + t e n  was a  day o t  l o w e r e d  
productivity a s  n l t r o q e n  d e p l e t l o n  s e t  I n ,  a l t h o u g h  v a r i a b l e  i n s u l a t i o n  make 
t h i s  u n c e r t a i n .  C a r b o h y d r a t e  c o n t e n t  d o u b l e d  and l i p i d  c o n t e n t  d ropped  2 5 % .  

b a t c h  c u l t u r e s  o t  t h r e e  s t r a i n s  were s t a r t e d  w i t h  m i n i m a l  l e v e i s  o t  u r e a  t o  
r e s u l t  i n  d e p l e t i o n  o t  n l t r o o e n  t r o m  t h e  medium. F o r  t w o - t n r e e  days  a t t e r  h 
d e ~ l e t l o n  i n d u c e d  c u l t u r e 5  o t  S .  qggcj t - lcagda  were as  p r o d u c t i v e  a5 u n i n d u c e d  
c u l t u r e s  I l a b l e  8-21. H u a i n ,  l i p i d  c o n t e n t  d ropped  2 5 % .  L a r b o h y d r a t e  
c o n t e n t  was n o t  r o u t i n e l v  measured i n  t h e s e  e x p e r i m e n t s .  The c e l l s  used  i n  
r u n s  Y-11 were N - d e t i c i e n t  b e t o r e  a d d i t l o n  o f  l u  Qpm urea-N a t  t h e  s t a r t  o+ 
each r u n .  his w e l l ,  d u r i n q  Hun # l u  l u u  porn o t  u rea -N  was added a t t e r  dav 4 .  
I h e  c u l t u r e  i n c r e a s e d  i n  p r o d u c t i v i t v  ( t o  16 gm/m2/dav,  o v e r  t n e  n e x t  day 
and a  h a l t ,  l h e s e  r e s u l t s  i n d i c a t e  t h a t  t h ~ s  s t r a ~ n  r e c o v e r s  q u l c k l v  t r o m  
N - s t a r v a t i o n .  H  t y p i c a l  t i m e  c o u r s e  o+ i n d u c t i o n  i s  shown i n  F i u u r e  8 - L .  





Sab le  d-1. B a t c h  I n d u c t i o n  o f  C o n t i n u o u s  Pond E f f l u e n t s  

7, L i p i d  7. CHO I o t a 1  L u l v / a a v  
D a t e  Uav L i p i d  Prod ,  CHO P rod .  P rod .  l o t a l  

S ~ - g k ! S d ~ i ~ a k ! d $  
Y i l l  0 26.6 3 .5  2 5 3.5 1 4 . 0  530 
9/12 -- 1 - - - - 7.4 514 
9 /  13 1 16.3 (m.4) 4 2 (6.6) lO(0.1) 53 1 
9 1  14 3 14.7 -. 3 4 7 4 . 3  3.4 522 
5 /  15 4 14.u -. 5 55 4.0 U 514 

l ~ n i t l a l  v a l u e s  a t  b e c j i n n l n g  o t  b a t c h  g r o w t h .  
\ ) i n d i c a t e  an a v e r a q e  v a l u e .  P r o d u c t i v i t i e s  i n  qmlmL ld  
-- i n d i c a t e  depletion o f  N f r o m  med~um. 

T a b l e  8-2. s .  gpadclcagcia B a t c h  I n d u c t i o n  

P rod .  b e i o r e  P rod .  U t t e r  
N - d e p l e t i o n  N - d e p l e t i o n  
qmlm2/day gm/mz/day ............................................................................ 

Run # Max. Hvq. (Days)  f lax. f ivq. (Davs )  Hvg. {Uays )  ............................................................................ 
9 17.6 13(2) 19. I 1 8 ( 2 )  1 2 t 5 )  

The n i t r o o e n - s t a r v e d  c u l t u r e s  o f  S,-SgLli l n c r e a s e a  t r o m  25% t o  60% 
c a r b o h v d r a t e  c o n t e n t ,  b u t  p r o d u c t i v i t y  was l o w e r e d .  The l4n4~s$tgdegmgs grew 
p o o r l v  a f t e r  d e p l e t i o n  o f  N t r o m  t h e  medium ( 7  g m / m 2 / d a y ~  and c a r b o h y d r a t e  
c o n t e n t  o n l v  i n c r e a s e d  t o  32%. 



T e s t s  t o r  s t o r a g e  p r o d u c t  i n d u c t i o n  were  p e r t o r m e d  i n  t h e  l a b  w l t h  I .  

q$bba?!!, !!fikash~!O~s!!!u~, and 5. gu.idrlcayda, t o  d e t e r m i n e  t h e  p o t e n t i a l  t o r  
i n c r e a s e s  r n  +uel  p r e c u r s o r s  under more easily c o n t r o l l e d  c o n d i t i o n s ,  b a t c h  
c u l t u r e s  were  grown i n  I t  Roux tlasks, under c o n t l n u a u s  i l l u r n i n a t l o n  o f  25 
~ r n - ~  a t  p H  1 . 5 - . 5  and ~ 3 2 8 t 2 ' ~ .  I h e  r e s u l t s  a r e  shown i n  T a b l e  8 - 3 .  
a l o n o  w r t h  some d a t a  p r e v i o u s l y  t a k e n  b y  t h e  a u t h o r  f o r  compar rson .  

f a b l e  t?-3. S t o r a q e  P r o d u c t  hccumulation i n  L a b o r a t o r v  Cultures 

P r o d u c t i v i t y  S t o r a g e  P r o d u c t  
qm/m2/ d a y  

- - - - - - - - - - - - - - -9--"-- - -"9-- - - -""-- - -"- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

R a x .  hax k v e  
HLljA N-Su++ic, N - S t a r v e d  C o n t ,  P r o d ,  P r o d .  

hvq. Max. ~ v g .   ax. ~ y p e  x vss a m / m L / d  am/rnL/d ---------------------------------------------------------------------------- 
10 14 t3 l o  LHU 50 -- w n k l s i ,  4 

CHO 

S , - ! G W S  10 15 12 LO CHO 75 15 9 

CHO 

kl,tg[ti 5'99 
S e a w a t e r  i I 17  13 20 CHO 7 5 - - - - 
2 . 4  H NaC1 6 6 - - - - LHCI -- -- - - 

I. q a l b a n a  --- -----.- 

Hi d e n s i t y  7 lii 7 9 L i p i d  40 4 
LO d e n s i t y  1 10 I g - L i p i d  63 g - 



SECTION 9 . 0  

BIOMASS H A R V E S T I N G  

H a r v e s t i n g  m i c r o a l g a l  b i omass  f r o m  d i l u t e  s u s p e n s i o n  h a s  been one o t  t h e  most 
p e r s i s t e n t  p r o b l e m s  i n  t h e  deve lopmen t  o t  p r o d u c t i o n  t e c h n o l o a v .  I t  i s  
p a r t i c u l a r l y  d l f t i c u l t  when t h e  s i z e  o f  t h e  o r g a n i s m  i s  s m a l l  and t h e  v a l u e  
o f  t h e  b ~ o m a s s  i s  low.  I n  t h i s  s e c t i o n  r e s u l t s  f r o m  s e d i m e n t a t i o n  t e s t s  a r e  
p r e s e n t e d .  I h e  S .  gt.iad.i~gatcla, due t o  i t s  agglomeration i n t o  l a r g e  c l umps ,  
was u n u s u a l l y  easy  t o  h a r v e s t  v i a  s e d i m e n t a t i o n  w i t h o u t  f l o c c u l a n t s .  
However ,  d a t a  i s  p r e s e n t e d  w h i c h  i n d i c a t e s  t h a t  n i t r o q e n - s t a r v e d  s i n q l e  c e l l s  
s e d i m e n t  more r a p i d l y  t h a n  n i t r o g e n - s u f f i c i e n t  c e l l s ,  l h u s  t h e  s e d i m e n t a t i o n  
o t  n i t r o g e n - s t a r v e d  b i omass  may be  t e a s i b l e .  

9.2 SEDIMENTATION HATES - LQBOHATORY RESULTS 

Samples f r o m  t h e  o u t d o o r  ponds  were t a k e n  t o  t h e  l a b o r a t o r y  t o  measure 
b i omass  s e d i m e n t a t i o n  r a t e s .  7he r a t e s  o f  c l a r i + i c a t i o n  were based on 
t u r b i d o m e t r i c  assays ,  I h e  t e s t s  p e r t o r m e d  were n o t  a i d e d  b y  c h e m i c a l l v  
i n d u c e d  + l o c c u l a t i o n .  F l o c c u l a n t s  can  i e a d  t o  a r e a t l y  i n c r e a s e d  r a t e s  o t  
c l a r i t i c a t i o n ,  b u t  must  b e  e v a l u a t e d  i n  t e r m s  o f  c o s t  p e r  u n i t  b i omass  
c o n c e n t r a t e d .  A l s o ,  t h e  e f f e c t s  o f  r e s ~ d u a l  f l o c c u l a n t s  i n  t h e  med ia .  w h i c h  
must be  r e c v c l e d  many t i m e s ,  a r e  unknown. 

The d a t a  t r o m  s e d i m e n t a t i o n  t e s t s  a r e  summar lzed i n  l a b l e  4-1.  I t  1 %  c l e a r  
t h a t  t h e  n a t u r a l l y  t l o c c u l a n t  c u l t u r e ,  S .  gyadrl.tauda, grown i n  b a t c h ,  
sed imen ted  much more q u l c k l y  and c o m p l e t e l y  t h a n  any o t h e r  c u l t u r e .  N i t r o a e n  
s t a r v a t i o n  o t  t h ~ s  c lumped c u l t u r e  d i d  n o t  have  much e t t e c t  on c l a r i t l c a t i o n  
r a t e s .  When t h i s  o r q a n i s m  was qrown i n  c o n t i n u o u s  c u l t u r e ,  i t  d i d  n o t  
a o q r e q a t e .  The s e d i m e n t a t i o n  r a t e s  r e t l e c t  t h i s  w i t h  o n l v  40-60% o t  t h e  
biomass s e t t l l n q  f a s t e r  t h a n  15 cm lsec .  E f f l u e n t s  f r o m  continuous ponds,  
" i n d u c e d "  i n  b a t c h ,  s e t t l e d  somewhat f a s t e r  t h a n  u n i n d u c e d  b ~ o m a s s  w i t h  
65-757. s e d i m e n t i n a  f a s t e r  t h a n  1b cm lsec .  S e d i m e n t a t i o n  o f  f i n k i s t y g @ e g g y g  
and 5 .  SLlJa c e l l s  was n o t  v e r y  r a p i d .  H a a i n ,  i n d u c t i o n  { n i t r o g e n  s t a r v a t i o n )  
i n c r e a s e d  t h e  r a t e s .  



l a b l e  9 - 1 .  S e d i m e n t a t i o n  R a t e s  

% o t  b ~ o m a s s  S e d i m e n t i n g  a t  R a t e s  V cm/hr 
-1-----1-1---11---------1----------------------"--------------------"-"----- 

5. quad. b a t c h  S, quad S.  quad S.SoLa B a t c h  H n k i s t .  
( c l u m p e d )  2 s t a g e  Contin. B a t c h  
l l n i  nd.  I n d u c .  I n d u c .  U n i n d .  U n i n d .  f n d u c ,  Un ind .  --------------_--"---------------------------------------------------------- 

V 5' - ib  9-El 
cm/ h r  9 -  1 9-8 9 - 2 5  9 - 2 5  10-3 10-7 10-7 

S i n c e  a  s e d i m e n t a t i o n  r a t e  o f  3u t m r s e c  may a l l o w  t o r  e c o n o m l c  a i q a e  r e m o v a l ,  
t h e  I n c r e a s e  i n  t h e  amount  o t  b i o m a s s  s e t t l i n g  a t  t h l s  r a t e  when 
n l t r o v e n - s t a r v e d ,  c o u l d  b e  s r g n ~ + i c a n t .  

S l u r r y  density i s  a n o t h e r  sedimentation p a r a m e t e r  t h a t  was measured i n  
c e r t a i n  i n s t a n c e s ,  T a b l e  9 - 2  l i s t s  c u l t u r e ,  s e d i m e n t a t i o n  a l u r r v  and 
s u p e r n a t e n t  d e n s l t l e s  measured d u r i n q  some a +  t h e  s e d i m e n t a t i o n  t e s t s .  
C o n c e n t r a t i a n  f a c a t o r s  were  50-10U t o l d ,  i n d i c a t i n g  t h a t  compac t i on  o +  t h e  
biomass was good. 



T a b l e  Y-2. Sed imen ted  S l u r r y  B iomass  D e n s i t i e s  

supe r  - 
C u l t .  S l u r ,  n a t e n t  

V Dens, ben s. Dens. 

E F l Z E E  gmll,  ~ C L L  c i r ?~L  ........................................................................... 
b .  gqua!CLgauda b a t c h  

Un inducea  Y-1 6  u U. L75  25.2 . V L ~  
9-14 b 0 0.680 38 .5  . 1  U3 
2-13 6  U 0.405 25.0 . 1 UO 

l n d u c e d  '5-0 6  U 0.515 29.6 , 070  

S .  qquadrlcaytia c o n t i n u o u s  
9 - 8  15 0.14U 14.3 . V 8 U  
9-25 15 0.170 15.0 ,073 
9-30 9 0 0.174 13.0 . I U5 

5. quadcLcaud!! c o n t i n u o u s  e t t  l u e n t  
9-15 15 0 . 3 2 5  22.5 ,055 
9-2b 15 0,398 14.0 ,140  

9.3 HARVESTS OF M A G S  CULTURES 

I n  s e v e r a l  i n s t a n c e s ,  c u l t u r e s  t r o m  1UU mr and 200 mL ponds  were o r a v i t v  
t e d  I n t o  t h e  dm deep s e d i m e n t a t i o n  ponds,  a l l o w e d  t o  s e t t l e  t o r  8 - L 4  h r s .  and 
t h e n  d e c a n t e d  w i t h  a  f l o a t i n q  pump. l a b l e  9-3 shows r e s u l t s  o t  t h e s e  t e s t s ,  
The c u l t u r e s  used  were  a l l  h i g h l y  c lumped.  S e t t l i n g  t i m e s  c o u l d  have  been as 
s h o r t  a5 4-6 h r s .  w i t h  no d e c r e a s e  i n  e + f i c i e n c y .  A t e n  h o u r  s e t t l l n a  t l m e  
1 s  e q u i v a l e n t  t o  a  r a t e  o+  LO-30 cm /h r .  The s l u r r y  d e n s i t i e s  l i s t e d  a r e  
based  on t h e  measurements t a k e n  immediately upon pumpino s l u r r i e s  o u t  o t  t h e  
s e d i m e n t a t i o n  ponds  and i n t o  a  ,250 g a l l o n  t a n k .  F u r t h e r  c o m p a c t i o n  upon 
s e t t l i n q  wou ld  e a s i l y  d o u b l e  t h e  d e n s i t i e s  shown. 

I h e  C h l o r e l l g  c u l t u r e s  i n  g e n e r a l  d i d  n o t  s e t t l e  w e l l  a t  a l l .  However ,  if a 
p o p u l a t i o n  o+ r o t i t e r s  was a l l o w e d  t o  d e v e l o p ,  t h e  c e l l s  c lumped.  The 
c u l t u r e s ,  when h a r v e s t e d ,  t h e n  e x h i b i t e d  t h e  e f f i c i e n c y  o t  s e t t l i n g  shown i n  
t h e  t a b l e .  



T a b l e  9 - 3 .  Harvesting Mass Cultures 

Pond E + + 1  . S l u r r y  S e d .  H a r v ,  
Ciraanlsm D e n s i t y  Uengi t y Oensi  t y Ti me E t t ' .  

PPm PPm P P ~  h r s .  7. 
I - - - -L -L - -C- - - -C"L- - - - - - - - - - - - - - - - - - - - - - - - - - - -C -"" - - - - - - - - - - " - - - - - - - - - - - - - - -  



SECTION 10.0 

OPERATING COSTS 

1 0 . 1  INTRODUCTION 

The d a t a  shown i n  S e c t i o n  J . 0 ,  i n d i c a t e d  t h a t  an a v e r a g e  p r o d u c t i o n  o t  abou t  
15 gmlm2/dav was s u s t a i n a b l e  t h r o u g h o u t  most  o f  t h e  y e a r .  h l t h o u g h  t h l s  
f i q u r e  wou ld  p r o b a b l y  be  h i g h e r  w i t h  b e t t e r  s t r a i n s  qrown i n  t h e  U.5 .  
b o u t h w e s t e r n  e n v i r o n m e n t ,  we w i l l  u se  15 gmlmL/day a s  a  b a s e l i n e .  D u r i n g  
t h e  r e c y c l i n q  e x p e r i m e n t  described i n  S e c t i o n  5.0, t h e  l n p u t s  t o  t h e  svs tem,  
i . e . ,  n u t r i e n t s ,  w a t e r ,  and power ,  were monitored t o r  a b o u t  a  month ,  d u r i n q  
w h i c h  h a r v e s t e d  p r o d u c t i v i t y  a l s o  ave raqed  15 qm/m21day, l h u s  t h e  c o s t  p e r  
u n i t  b i omass ,  o t  t h e s e  i n p u t s ,  can  be  c a l c u l a t e d .  R n n u a l i z e d  c a o i t a l  c o s t s .  
c o s t s  o f  l a b o r ,  and b i omass  p r o c e s s i n q  a r e  n o t  i n c l u d e d  i n  t h e  d i s c u s s i o n  
be1 ow. 

10.2 CURRENT COSTS OF INPUTS 

T a b l e  10-1 summar izes  t h e  c o s t s  o t  i n p u t s  d u r i n g  t h e  r e c y c l e  e x p e r i m e n t  t h a t  
i s  b e i n q  t a k e n  a s  r e p r e s e n t a t i v e  o+ sys tem p e r f o r m a n c e .  D u r i n ~  t h i s  
e x p e r i m e n t ,  t h e  d e p t h  o t  t h e  pond  was Lu cm, t h e  m i x i n g  speed was 90 cm/sec ,  
and t h e  l o s s  o f  C02 a t  i n j e c t ~ o n  was a b o u t  34%. An o v e r a l l  i n p u t  c o s t  o f  
$1 .09 / kq ,  hFDW r e s u l t e d .  Most o f  t h i s  was due t o  t h e  h i q h  c o s t  o t  C02 and 
i t s  i n e t f l c i e n t  use.  N i t r o g e n  c o n t r i b u t e d  12% o t  t h e  t o t a l  c o s t ,  a t  a  
b i omass  N  c o n t e n t  o t  12%. The o t h e r  n u t r i e n t  c o s t s ,  d e t a i l e d  i n  T a b l e  10-2, 
a r e  h i q h e r  t h a n  wou ld  be e x p e c t e d  i n  a  l a r g e - s c a l e  svs tem s l n c e  1 )  many o t  
t h e s e  c h e m i c a l s  wou ld  have  t o  be  a v a i l a b l e  i n  t h e  w a t e r  r e s o u r c e  and 2 )  b u l k  
p u r c h a s l n q  wou ld  d e c r e a s e  u n i t  c o s t s  o f  p h o s p h a t e  and i r o n .  M l x i n q  power 
c o s t  i s  based  on a  h i g h  c h a n n e l  v e l o c i t y  t h a t ,  a s  d i s c u s s e d  i n  Section 6.0, 
i s  n o t  n e c e s s a r y  when l e s s  t h a n  25 qm/m2/day a r e  b e i n g  p roduced .  

10.3 PROJECTED COSTS OF INPUTS 

Tab le  1U-3, shows t h e  c o s t s  o t  t h e  same t a c t o r s ,  b u t  m o d l t i e d  t o  t a k e  i n t o  
a c c o u n t  c o s t  reduction possibilities. C O L  i s  s t i l l  t h e  l a r g e s t  c o s t  
f a c t o r ,  and i s ,  i n  + a c t ,  s t i l l  t o o  e x p e n s i v e  even  a t  t h e  p r i c e  o t  $ .US/ko.  
t h e  b e s t  commerc i a l  p r i c e  a v a i l a b l e  now. hn i n c r e a s e d  u t i l i z a t i o n  e f f i c i e n c y  
i s  used:  o n l v  5 %  l o s s  a t  i n j e c t i o n  and o u t q a s s i n a  l o s s e s  equivalent t o  5 
qm/mL/day a l g a l  p r o d u c t i o n .  B o t h  s h o u l d  be  e a s i l y  a c h i e v e d  when a  sump i s  
used  t o r  c a r b o n a t i o n ,  when m i x l n q  speed 1 s  5 20 c m ~ s e c ,  and when t h e  pH r a n o e  
1 s  chosen  t o  a v o i d  excessively h i a h  d i s s o l v e d  C O L  l e v e l s .  Even so ,  LO2 
c o m p r i s e s  50% o f  t h e  t o t a l  i n p u t  c o s t s ,  a t  $ . 1 2 5 / k q  a l o a e  p roduced .  S i n c e  
t h i s  i s  a b o u t  a l l  t h a t  t h e  b i omass  t u e l  p r e c u r s o r  i s  w o r t h ,  COi c o s t  must 
be  c u t  f u r t h e r ,  a t  l e a s t  50% more. F i n d i n q  l a r g e  amounts  o f  l o w  c o s t  C O L  
i s  p r o b a b l v  t h e  g r e a t e s t  s i n q l e  o b s t a c l e  t o  l o w e s t  c o s t  a l g a l  b i omass  
p r o d u c t i o n .  



T a b l e  10-1. I n i t i a l  Alqal Biomass P r o d u c t i o n  Costs 

243 d a y s 4  5. q g g d ~ i g w d $ ,  e f f l u e n t  r e c y c l e ,  t r e s h w a t e r ,  2 W m 2  
- c - c - - - - - - - - - - - - - - - - - - 3 C - - - - I - - I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Component U n i t  P r i c e , $  R m t .  Used C o s t  , Z  % t o t a l  c o s t  
.......................................................................... 
G O 2  . 2 1 5 / K o  S K a f K q  a l g .  6 8 . 3 1  ' 7 S B ' i  

U r e a  .51/Kq . L 6 K q / K q  a l g ,  10.78 12.u 

O t h e r  Nutr . ---- - - - I  6 . 7 1  7 . 4  

Pump power , Ub/Kw. h r  5 ,2Kw,hr  . $1 0. S 

M l x l n g  power . O b I K w .  h r  . 42kl/mZ 3 .3B 3 .  b 

Water i1.51U f t  9 1 m 2 / d a y  0.48 0.5 

1 o t a l  biomass h a r v e s t e d :  82.8Kq ( 1 5 . 0  ~ n l r n ~ / d a y  a v )  

C o s t :  tl.oY/Kq AFDW $ . 4 9 / l b  

T a b i  e 10-2 20umL E f f l u e n t  Recycle--Medi a Component I n p u t  

Biomass NaHC03 MaSb4 DkP DSP FeS04  Urea  Water 
D a t e  H a r v ,  ,Kg $O.bb lKq  80 .55 /Ka  $2 .73 /ka  $1.70Kq $ . 8 8 / k a  $ a 5 1 / k q  ,000 L 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - w - - - - - - - - - - -  

5 / 2 7  2 4 , b  1 . 3 3  .I25 , 2 2 5  ,225 . 3 6.0 1 4 . 4  
88 .07 . 61  .38 . 2 6  3.04 

T O T A L  82 .8  1 . 3 3  1 .25  . 975 , 6 7 5  1.5 21.3 50.4 
.€I8 . 7 0  2.66 1.i6 1 1  10.78 

l o p  e n t r y :  k o  used 
B o t t o m  e n t r y :  c o s t , $  



T a b l e  10-3. C o s t  R e d u c t i o n  P o s s i b i l i t i e s  
P r o  l e c t e d  

Component C o s t  h e d u c t i o n  C o s t , $  % T o t a l  c l 'kg a l g .  c / k g  a l g .  ............................................................................ 

Urea  .Zb  k g / k q  - - . I 3  k q i k g  
5 . 3 9  2 6 . 6  6 . 5  3 . 3  

O t h e r  c h e m i c a l s  
A11 b u t  P ,  Fe a v a i l a b l e  
i n  w a t e r ,  b u l k  p r i c i n g  

3.50 16.3 4.0 

Pump Power - 0.31 1 .5  0.37 0 .4  

M i x i n g  Pwr. 0 .42 w/m2--0. 14w/m2 
E f f i c . :  50% 0.45 2.2 0.54 0.54 

Water - 0.48 2.4 0.69 0.6 

----- ---- ----- ----  
TOTAL 20.28 100 24.6 13.0 

I h e  c o s t  o+  n i t r o g e n  h a s  been  l o w e r e d  i n  t h e  p r o j e c t i o n  due m a i n l v  t o  
p r o d u c t i o n  o f  n i t r o q e n  l i m i t e d  b iomass .  I f  t h e  b i omass  c o n t a i n e d  o n l y  6% N, 
t h e n  t h e  u r a  c o s t s  $ . 0 6 5 i k q  o f  a l q a e .  i f  t h e  c o n t e n t  i s  l o w e r e d  f u r t h e r ,  and 
some n i t r o g e n  i s  r e c y c l e d  t r o m  t h e  b i omass  p r o c e s s i n g ,  t h e n  t h i s  c o s t  can  be 
h a l v e d  a g a i n ,  l h e  o t h e r  c h e m i c a l  c o s t s  a r e  l i m i t e d  t o  i r o n  and phospha te .  
These must  be  r e p l e n i s h e d  a s  a l g a e  i s  p r o d u c e d  on r e c y c l e d  w a t e r .  

Power c o s t s  can  be  l o w e r e d  b y  l o w e r i n g  t h e  c h a n n e l  v e l o c i t y  f r o m  30 cm/sec t o  
lScm/sec .  7he sys tem must be  d e s i g n e d  t o  m a i n t a i n  an o v e r a l l  e + t i c i e n c v  o f  
40-SOX f o r  t h e  m i x i n g  sys tems.  

10.4 CONCLUSIONS 

The t o t a l  c o s t  o f  t h e  i n p u t s  c o n s i d e r e d  i s  13-25 c e n t s  p e r  k q  AFDW, w i t h  t h e  
c o s t  o f  C02 mak ing  most  o f  t h e  d i f f e r e n c e  w i t h l n  this range .  increased 
p r o d u c t i v i t y  wou ld  have  l i t t l e  i m p a c t  on t h i s  c o s t  s i n c e  t h e  p r o d u c t i v i t y  
r e l a t e d  i n p u t s  - n u t r i e n t s  - c o m p r i s e  o v e r  90% o f  t h e  t o t a l .  W i t h  i n c r e a s e d  
p r o d u c t i v i t v  C 0 2  c o s t  wou ld  d e c r e a s e  due t o  an i m p r o v e d  r a t i o  o f  c a r b o n  
g o i n g . i n t o  a l g a e  v s  o u t q a s s i n g  (if t h e  m i x i n g  speed and C02 l e v e l  a r e  n o t  
i n c r e a s e d  t o  a c h i e v e  t h e  h i g h e r  p r o d u c t i v i t v ) .  b u t  t h i s  wou ld  s t i l l  o n l y  
l e a d  t o  a  s l i q h t  d e c r e a s e  i n  C02 use ,  e.g, ,  f r o m  2.5 t o  2.2 k g / k g  a l g a e  
p r o d u c e d  i t  p r o d u c t i v i t y  were doub led .  The m a j o r  i m p a c t  o f  i n c r e a s e d  
p r o d u c t i v i t y  comes i n  a n n u a l i z i n g  c a p i t a l  c a s t s  p e r  u n i t  b i omass  p r o d u c e d  and 
i n  d i s t r i b u t i n q  l a b o r  c o s t s ,  S i n c e  t h e s e  c o s t s  wou ld  need t o  be  l e s s  t h a n  
t h a t  o f  t h e  



l o w e s t  t o t a l  c o s t i k g  i n  T a b l e  10-3 l o t h e r w i s e  the b i o m a s s  is too e x p e n s i v e  
for f u e l ) ,  t h e  ~ m p a c t  a+ increasing p r o d u c t i v i t y  is s t i l l  l i m i t e d  b y  nutrient 
costs. h n y  c o s t  s a v i n g s  trom i n c r e a s i n g  p r o d u c t i v i t y  can be g a i n e d  o n l y  when 
t h e  i n c r e a s e s  are  n o t  a c c o m p a n i e d  b y  m a j o r  i n c r e a s e s  i n  c a p i t a l  c o s t s  o r  
o p e r a t i n g  c o s t s ,  



S E C T I O N  11 .0  

SUMMARY AND CONCLUSIONS 

11.1 P R O D U C T I V I T Y  RELATED RESULTS 

W i t h  a  t w o  s p e c i e s  r o t a t i o n  - a  h i g h  t e m p e r a t u r e  ChlgHella 2~ i n  t h e  summer 

and a  S ~ g q g d g s g y q - s p  i n  f a l l ,  w i n t e r ,  and  s p r i n g  - a  y e a r l y  a v e r a g e  o t  15 
gm/m2/day was o b t a i n e d  i n  s e q u e n t i a l  b a t c h ,  n i t r o g e n  s u f  f i c i e n t  
c u l t i v a t i o n .  

A t  a  l o c a t l o n  where maxlmum amb ien t  t e m p e r a t u r e s  a r e  above 2S°C f o r  9 -10  
months ,  and minlmum amb ien t  t e m p e r a t u r e s  above 1 0 - 1 5 ~ ,  20-25 omlmL ldav  
c o u l d  be  a c h i e v e d .  

H i g h e r  p r o d u c t i v i t i e s  mav r e s u l t  u s i n g  s t r a i n s  p r e - s c r e e n e d  f o r :  

t o l e r a n c e  t o  h l p h  DO 
l o w  r e s p i r a t o r y  r a t e s  a t  h i g h  t e m p e r a t u r e  
t o l e r a n c e  t o  h i g h  i r r a d i a n c e  
b r o a d  t e m p e r a t u r e  op t lmum 

I n d u c t i o n  o f  s t o r a g e  p r o d u c t s ,  unde r  n i t r o g e n - d e p l e t e d  c o n d i t i o n s  has  l i t t l e  
n e g a t i v e  l m p a c t  on p r o d u c t i v i t y  i f  a c c o m p l i s h e d  w i t h l n  one t o  t h r e e  days .  

P r o d u c t i v i t v  i s  i n d e p e n d e n t  o f  m i x i n q  speed,  + o r  m l x i n g  r e g i m e s  characterized 
by  random t u r b u l e n c e ,  a t  l e a s t  i n  t h e  r a n g e  f r o m  1-30 cm/sec  up t o  
p r o d u c t i v i  t i e s  o f  a t  l e a s t  25-30 qm/m2/day. 

1 1 . 2  COST RELATED RESULTS 

M i x i n q  must  be  s u t f i c i e n t  t o  keep c e l l s  i n  s u s p e n s i o n  (15 -20  cm/sec a t  m o s t ) .  

H i g h e r  m i x i n q  speeds  r e q u i r e  s u b s t a n t l a l l v  more power i n p u t  and i n c r e a s e  
CO2 l o s s e s  due  t o  o u t g a s s i n g .  

Med ia  r e c y c l e  i s  a  t e a s i b l e  method t o r  c o n s e r v i n g  w a t e r .  

CU2 i s  t h e  l a r g e s t  c o s t  t a c t o r ,  C u l t u r e  operation must be  o p t r m l z e d  f o r  
h i g h  p r o d u c t i v i t v  ( w h l c h  i n c r e a s e s  w i t h  C O L  l e v e l )  and r e d u c e d  C02 
o u t q a s s l n q  ( w h i c h  I n c r e a s e s  w i t h  CU2 l e v e l  and m l x l n q  s p e e d ) .  Sou rces  o f  
C 0 2  must  be  f o u n d  w h i c h  a r e  b o t h  p l e n t i + u l  and b e l o w  p r e s e n t  m a r k e t  p r l c e s .  

Depend ing  on how i t  i s  a c h i e v e d ,  i n c r e a s l n q  p r o d u c t ~ v i t ~ ,  e . g . ,  b y  a  t a c t o r  
o f  t w o  can  o n l y  be  e x p e c t e d  t o  l o w e r  t h e  o v e r a l l  c o s t  o f  b i omass  ~ y ,  e.o . ,  
10-SO%, because  n u t r i e n t  I n p u t  i s  proportional t o  b l omass  o u t p u t ,  as  a r e  most 
p r o c e s s l n q  c o s t s .  F o r  t h e  most p a r t  o n l y  a n n u a l i z e d  c a p l t a l  c o s t s  and l a b o r  
do n o t  n e c e s s a r i l y  i n c r e a s e  w i t h  p r o d u c t l v l t y .  



11 .3  SPECIES SCREENING, MONOCULTURE MAINTENANCE 

The more c o n s t a n t  t h e  e n v i r o n m e n t ,  t h e  e a s i e r  i t  i s  t o  m a i n t a i n  a 
m o n ~ c u l t u r e .  

Verv  c o m p e t i t i v e  s t r a i n s  w i l l  b e  r e q u i r e d  t o  m a i n t a i n  monocu l t u res .  IDS and 
t e m p e r a t u r e  t o l e r a n c e  e x e r t  t h e  g r e a t e s t  s e l e c t i o n  on species, w i t h  t o l e r a n c e  
t o  DO and l i g h t  a l s o  i m p o r t a n t .  

D e t e r m i n a t i o n  o f  g r o w t h  r e s p o n s e  t o  pH, C o p  and DO i s  i m p o r t a n t  i n  
o p t i m i z i n g  sys tem o u t p u t  and c o s t s ,  

Systems must be  managed f o r  b iomass  h a r v e s t i n g ,  p r e f e r a b l y  bv  
a u t o f l o c c u l a t i o n ,  o r  o t h e r  methods wh i ch  h a r v e s t  s m a l l  c e l l s ,  Un less  a 
s t r a i n  is t h e  mast c o m p e t i t i v e  b y  a w ide  marg in ,  h a r v e s t i n g  methods  wh i ch  a r e  
not u n i v e r s a l  w i l l  i n c r e a s e  t h e  r e l a t i v e  c o m p e t i t i v e n e s s  o t  n o n - h a r v e s t a b l e  
o rgan i sms  when media r e c y c l i n g  1s p r a c t i c e d .  



REFERENCES 

I. American P u b l i c  H e a l t h  Assoc., ~ t g ~ @ a ~ ~ - ~ p ~ h g d p - f ~ ~ - ~ ~ e _ - ~ x _ a _ ~ i n _ g t , i g n _ - g f ~  
!ater-a!d_Wasteyater, 1 4 t h  e d i t i o n ,  Washington, D.C.: hPHA, 1976. 

2 .  B l i q h ,  E . G . ,  and W.J.  Dyer,  " A  Rap id  Method o f  T o t a l  L i p i d  E x t r a c t i o n  and 
P u r i f i c a t i o n , "  Cgpgdl-J , -~ ioghg~, - fh_ygigI . . ,  3 2 ,  1959, pp. 911-917. 

3, Eo l te rman,  H.L., R.S. Clume, and H.A.M. Ohnstad, Methgdp- for -Fhy!~~aL-aC!d-  
LhegigaL-fipaLysis,~f-Er_egh-_W$g_ers, 10P Handbook No. 8, London: B l a c k w e l l  
S c i e n t i f i c  P u b l i c a t i o n s ,  1978. 

4. Sigma Chemical Company, T e c h n i c a l  B u l l e t i n  No. 640, 1980. 

3 ,  Solarzano,  L. ,  U g g g l - g c p a g q r .  14, 1969, pp. 799-801. 

4. Dodd, J.C., Persona l  Communicatron. 

7 .  Weissman, J . C . ,  "Carbon U i o x i d e  r r a n s f e r , "  i n  J.R. Benemann, e t . a l . ,  
~ ~ c r g g ~ q g g - f l s - a - s g y r c _ g e g ~ - L ~ g y ~ d - ~ y _ e ~ p ,  D.U.E. F i n a l  T e c h n i c a l  Repor t ,  
DEACOS 81 ER 30014, 1982, pp. 123-148. 

0, Wilson,  G . T . ,  and N. HacCleod, " A  C r i t i c a l  A p p r a i s a l  o f  E m p i r i c a l  
E q u a t i o n s  and Models f o r  t h e  P r e d i c t i o n  o f  t h e  C o e f f i c i e n t  o f  R e a e r a t i o n  
o f  Deoxygenated Water, Watey-Rgs.,  ;, 1 9 7 4 ,  pp.  341-366. 



T a b l e  14-1. Climate Datar M o n t h l y  h v e t a g e s  - 1983 

MONTH INSDLAT3ON TEUPERATUHL (degrees C) 
L g y / D a y  Std.Dev, M A X  S t d . D e v .  M I N  Std.Dev. 

Jan-83  
F e b - 8 3  
Mar -83 
A p r - B J  
M a y - 8 3  
Jun-83 
J u l - 8 3  
h u g - 8 3  
Sep-83  
Oc t -63 
N o v - 8 3  
Dec-83 

T a b l e  A-2. M o n t h l y  A v e r a g e s  - 1984 

MONTH INSOLATION TEMPERATURE ldeqreee C )  
L g y / D a y  Std.Dev. M A X  Std.Dev. M I N  Std.Dev. 

Jan-84 
Feb-84 
Mar -84 
H p r - 8 4  
May  -84 
J u n - 8 4  
Jul-84 
Aug-04 
Sep-84 
O c t  -04 
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